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ABSTRACT 
Ionic polymer metal composites (IPMCs) form an important category of 
electroactive polymers (EAPs) that is receiving great attention due to their advantages 
of large bending deflection, low power consumption and have many potential 
applications in robotics, biomedical devices, and micro/nano manipulation systems. It 
has been actively investigated by researchers for the past decade. IPMCs are an 
exciting new class of smart materials (EAPs) that can serve a dual purpose in 
engineering or biomedical applications as sensors or actuators. Most commonly they 
are used for mechanical actuation, as they have the ability to generate large bending 
strains and moderate stress under low applied voltages. The specific applications of 
IPMCs as sensor and/or actuator, such as micro-gripper and micropump have been 
actively investigated by researchers for the past decade. This research deals to 
alternate the perfluorinated polymer used for the fabrication of IPMCs with non-
perfluorinated polymer or composite based IPMC actuator and their characterization 
with ultimate objective to develop a simple micro-gripper to demonstrate the ability of 
the IPMC to grasp a micro object. New algorithms of edge detection and displacement 
measurement have been introduced to characterise the IPMC membranes. Bending 
behaviour of IPMCs membrane has been carried out by laser sensor measurements 
and simply by vision systems. Characterisation and performance of non-
perfluorinated polymer based IPMCs are carried out to prove the claim that 
miniaturization of IPMC is possible without degrading its performance. The 
characterisation of the IPMC actuator is divided into three major works – the 
chemical and electromechanical properties and displacement measurements. 
Typically, IPMC consists of a semipermeable ion-exchange base polymer membrane 
coated with novel metal electrodes made up of highly conducting pure metals such as 
Pt, Au etc. The actuation behaviour of IPMC can be attributed to the bending of an 
IPMC membrane upon application of electric potential. The main reasons for the 
bending are ion migration on the application of applied potential and swelling and 
contraction caused by movement of cations along with water molecules. The 
application of IPMC is not promising in dehydrated state as the actuator need to be 
hydrated in order to work better. The ion exchange capacity, proton conductivity and 
water uptake capacity have been determined to support the better performance of non-
perfluorinated polymer based IPMC membranes. Lower water loss upon the 
XV 
 
application of different electrical potentials for different intervals of time shows the 
better performance of IPMC membranes. Scanning electron micrographs show the 
smooth and uniform coating of Pt electrode on the surface of IPMC membranes. 
Studies using cyclic voltammetry, linear sweep voltammetry, FTIR, TGA, X-ray 
diffraction and tip displacement IPMC membranes were also performed. Two, three 
and four finger based gripping systems for dexterous handling are developed for 
robotic application. Extensive references are provided for more in depth explanation. 
 
Chapter 1 
It deals with the basic information regarding to the materials and their types 
used for manufacturing IPMCs actuators using various fabrication processes under 
optimum experimental parameters and possible applications. Among the variety of 
EAPs, recently developed IPMCs are good candidates for use in bio-related, robotics 
and aerospace applications because of their biocompatibility. Several fabrication 
processes, their performance and mechanical characteristics, a number of recent 
applications of IPMCs have been reported in this chapter. The control and various 
factors affecting performance of IPMC also have been reported. 
 
Chapter 2 
In this chapter, the tip displacement, proton conductivity, current density, 
water uptake and ion-exchange capacity of kraton non-perfluorinated IPMCs were 
examined and the results were compared with commercially obtained perfluorinated 
polymer nafion based IPMCs membranes actuator. The water holding capacity of 
kraton and nafion membranes were found to be 308.69 and 16.20% at 65 and 45 ºC 
within 10 h of immersion time respectively. The kraton and nafion membranes have 
the ion exchange capacity of 1.9 and 0.75 meq g−1of dry membrane, respectively. 
SEM studies revealed that the morphology of nafion membrane was negligibly 
affected after performing the action experiment while in kraton membrane ruptures 
and notable spaces at joint were observed. The electrical properties revealed better 
actuation performance of kraton membrane. The tip displacement for nafion and 
kraton membranes was also carried out at 3 V dc electrical voltages. Kraton based 
IPMC membrane showed larger displacement and therefore actuation as compared to 
that of nafion based IPMC membrane. 
 
XVI 
 
Chapter 3 
In this chapter, a novel sulfonated poly(vinyl alcohol)/polypyrrole polymer 
membrane sandwiched between platinum (SPVA-Py-Pt) was fabricated for a bending 
actuator which can be used in microrobotic applications. To examine the suitability of 
SPVA-Py-Pt based IPMC for microrobotic applications, ion exchange capacity (IEC), 
water uptake, proton conductivity, water loss, cyclic voltammetry (CV), linear sweep 
voltammetry (LSV), Fourier transform infrared spectroscopy (FTIR), thermal stability 
and tip displacement studies were performed. The water holding capacity of the IPMC 
membranes were found to be 82.23% at room temperature for 8 h of immersion time. 
The IEC and proton conductivity of the IPMC membrane is found to be 1.2 meq g−1 
and 1.6 × 10−3 S cm−1 respectively. Maximum water loss from IPMC was 31% at 5 V 
for a time period of 16 min. Based on electromechanical characterization, the 
maximum tip displacement of SPVA-Py-Pt IPMC (size 30 mm length, 10 mm width, 
0.08 mm thickness) was 18.5 mm at 5.25 V. The major advantages of this new type of 
IPMC are good film forming capability, short processing time, low cost of fabrication, 
good flexibility, high thermo-mechanical stabilities, good ion-exchange, water 
holding capacity and proton conductivity as compared to other types of IPMC 
actuators. The comparison with other type of IPMC actuators was also carried out. A 
multi SPVA-Py-Pt IPMC based micro-gripping system was developed that showed 
potential of microrobotic applications. 
 
Chapter 4 
In this chapter, polyacrylonitrile-kraton-graphene (PAN-KR-GR) ionomeric 
polymer membrane sandwiched between Pt electrode-based IPMC actuator is 
developed. The aim of this study was to design and prepare multifunctional IPMC 
membranes for robotic application. The water uptake capacity and ion-exchange 
capacity of polyacrylonitrile-kraton-graphene ionomeric membrane was 133.33% at 
45 ºC for 8h of immersion and 1.4 meq g-1 of dry membrane, respectively. Proton 
conductivity and maximum water loss of IPMC membrane were 5.26 mS cm-1 and 
38% after applying 7 V for 12 min, respectively. Scanning electron micrographs 
showed the smooth and uniform coating of platinum (Pt). Cyclic voltammetry, linear 
sweep voltammetry, Fourier transform infrared spectroscopy, thermogravimetric 
analysis, X-ray diffraction and tip displacement of PANKR-GR-Pt IPMC membrane 
XVII 
 
were also examined. A multifinger-based gripping system for dexterous handling was 
developed for robotic application. 
 
Chapter 5 
A novel silver nano powder (Ag-Pw) embedded kraton (KR) ionic polymer 
actuator was fabricated. The KR-Ag-Pw IPMC membrane was prepared by a solution 
casting method. IPMC membrane showed good electro-mechanical, ion-exchange, 
water retention (WR) and proton conductivity (PC) properties which were responsible 
for the superior performance of ionic polymer actuator. The physicochemical 
properties of the KR-Ag-Pw ionic polymer actuator were determined using X-ray 
diffraction, Fourier transform infrared spectroscopy (FTIR), scanning electron 
microscopy (SEM) and thermogravimetric analysis (TGA) studies. After applying a 
voltage (0-3.5 V DC), the maximum bending behaviour upto 17 mm of magnitude 
was achieved. By constructing a multi KR-Ag-Pw IPMC fingers based gripper, it was 
proved that this kind of actuator has potential in robotic application. 
 
Chapter 6 
In this featured chapter, we fabricate a kraton (KR)/graphene (GR) composite 
polymer based IPMC membrane actuator with Pt metal as electrodes for micro 
robotics application and compared the results with commercially obtained  sulfonated  
poly(ether ether ketone) (SPEEK) polymer membrane coated with Pt electrodes. To 
examine the suitability of fabricated IPMC ion-exchange capacity (IEC), water 
uptake, proton conductivity, water loss, cyclic voltammetry (CV), linear sweep 
voltammetry (LSV), Fourier transform infrared spectroscopy (FTIR), thermal stability 
and tip displacement studies were performed. The water holding capacities of kraton-
graphene (KR-GR) and SPEEK membrane were found to be 153 and 73%, at 45 ºC 
within 10 h of immersion time, respectively. The kraton-graphene (KR-GR) and 
SPEEK membrane have the ion-exchange capacity as 2.2 and 1.3 meq g−1of dry 
membranes respectively whereas the proton conductivity were 1.9×10-2 and 5.5×10-3 
S cm−1 respectively. Maximum water loss from IPMC was achieved as 44 and 32% at 
5 V for a time period of 16 min. Experimentally, it was found that the KR-GR-Pt 
ionic actuator has the maximum bending deflection upto 22.0 mm at applying  voltage 
of 0-3.5 V dc. By developing a multi KR-GR-Pt ionic fingers based gripper, it has 
been demonstrated that this actuator has potential in industrial applications. 
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1.1 INTRODUCTION 
The development of mankind and human civilization can be correlated to the 
invention and manufacture of new materials. In present times, new materials are 
discovered and manufactured at a very high frequency. We can christen this to be the 
decade of smart materials. Composite materials that respond to an external stimulus in 
real or near real time are known to be as “smart” materials. Smart materials are thus 
defined as materials that exhibit a fast, repeatable, reversible and significant change in 
at least one of their physical properties in response to an external stimulus [1]. Smart 
materials are present in all the basic forms (solid, compound, composite and solution). 
Smart materials on the basis of external stimulus can be classified as ‘property 
changing’ or ‘energy exchanging’ [2]. ‘Property changing’ materials are those in 
which the input external energy causes a mechanical, chemical, thermal or electrical 
change in material properties. Energy exchanging materials involve the changes in 
their internal energy level while the materials properties remain the same. The 
response of the materials in either category is reversible and direct. Smart materials in 
these two categories along with their characteristics properties are listed in Table 1.1. 
Among the different variety of materials listed in Table 1.1, electroactive polymers 
(EAPs) have been extensively studied and received significant attention due to their 
inherent attractive features such as mechanical flexibility, light weight, easy 
processing, flexibility and fracture tolerance. These polymers exhibit large property 
changes in response (change shape or size) to electrical stimulation which adds 
significant benefits to their potential applications. In addition to these properties, these 
polymers respond to electric field or mechanical deformation [3-11]. Since the 
invention in the mid 1970s, EAP materials have been the subject of extensive studies 
by several research groups. EAPs are considered to be alternatives to predictable 
sensor and actuators [12-14] because of their low electric voltage dependence, 
flexibility, light weight, bio-compatibility, compliant properties, ability to perform in 
air and aquatic media and easy fabrication processes. 
EAP materials respond mechanically to external stimulation with considerable 
change in their shape and size. Generally, electroactive polymers are classified into 
two major categories [2,15,16] (Table 1.2). The classification is based on their 
activation mechanism responsible for actuation as electronic EAPs (which are driven      
by electric field or coulomb forces) and ionic EAPs (which change shape by mobility 
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Table 1.1: Classification of smart material [2] 
 Property changing Energy changing 
S.No. Material Stimuli Change Material Stimuli Effect 
1. Magnetorheological Magnetic field Viscosity Thermoelectric  
 
Electrical 
current 
Temperature 
differential 
2. Thermochromic 
 
Thermal energy 
 
Spectral reflectivity Photovoltaic  
 
Radiation 
energy 
Electrical 
current 
3. Shape memory 
 
Thermal energy Crystalline phase 
change 
Photoluminescent  Radiation energy 
in the ultraviolet 
spectrum 
Radiation 
energy in the 
visible 
spectrum 
4. Thermotropic 
 
Thermal energy Phase change 
(conductivity, 
transmissivity, solubility 
and volumetric 
expansion) 
Electroactive 
polymer 
 
Electrical Current Strain  
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Table 1.2: List of leading electroactive polymers 
S.No. Ionic EAP Electronic EAP 
1 Ionic polymer gels (IPG) Electrostrictive paper 
2 Conducting polymers (CP) Electrostatic 
3 Carbon nanotubes (CNT) Dielectric EAP 
4 Ionic polymer metal composite (IPMC) Piezoelectric 
5  Electro-viscoelastic elastomers 
6  Ferroelectric polymers 
7  Liquid crystal elastomers (LCE) 
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or diffusion of ions and their conjugated substances). The electronic EAPs such as 
electrostrictive, electrostatic, piezoelectric and ferroelectric generally require high 
activation fields (>150 V μm-1) which are close to the breakdown level of the 
material. Beside requiring high activation electric potential, electronic EAPs can be 
controlled in a better manner as they can hold the induced displacement on the 
application of dc voltage. The property of these materials to hold the induced 
displacement, when a dc voltage is applied, makes them potential materials in robotic 
applications and these materials can be operated in air without major constraints. The 
electronic EAPs also have high energy density as well as a rapid response time in the 
range of milliseconds. In general, these materials have a glass transition temperature 
inadequate for low temperature actuation applications [1]. On the other hand, ionic 
EAPs are materials that involve mobility or diffusion of ions and they consist of two 
electrodes and an electrolyte. The activation of ionic EAP can be achieved by 
relatively low voltage and generally induce bending displacement. Ionic EAP 
materials such as gels, ionic polymer-metal composites, conducting polymers and 
carbon nanotubes require low driving voltages, nearly equal to 1-6 V. One of the 
constraints of these materials is that they must be operated in a wet state or in solid 
electrolytes. Ionic EAPs predominantly produce bending actuation that induces 
relatively lower actuation forces than electronic EAPs. Often, operation in aqueous 
systems is plagued by the hydrolysis of water. Moreover, ionic EAPs have slow 
response characteristics compared to electronic EAPs. The amount of deformation of 
these materials is usually much more than electronic EAP materials and the 
deformation mechanism bears more resemblance to a biological muscle deformation. 
The induced strain of both the electronic and ionic EAPs can be designed 
geometrically to bend, stretch or contract [16]. But it is difficult to maintain their 
position constant under dc activation [1]. They can be used as actuators or sensors. As 
actuators, they are characterized by being able to undergo a large amount of 
deformation when they are stimulated. Similarly, when they exhibit the inverse effect, 
they can be used as sensors. Table 1.3 shows comparison of electronic and ionic 
EAPs characteristics [10]. 
EAP materials have been termed as “artificial muscles” because of their 
electromechanical response under electrical stimulation, exhibiting large strain. For 
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Table 1.3: Properties of electronic and ionic EAPs [10] 
S.No. Properties Ionic EAPs Electronic EAPs 
1 Controllability Difficult Easy 
2 Activation voltage Small Large 
3 Energy density Poor Good 
4 Electrolyte Present (wet) Absent (dry) 
5 Mechanism Mobility or diffusion of 
ions 
Coulomb forces 
6 Displacement Bending Changes shape or 
dimensions 
7 Examples Ionic polymer gels (IPG), 
Ionic polymer metal 
composites (IPMC), 
Conductive polymers 
(CP), Carbon nanotubes 
(CNT) 
Electrostrictive, 
Elastomers, 
Electrostatic, 
Piezoelectric, 
Ferroelectric, 
Polymers 
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this capability, EAPs are particularly attractive in biomimetic, since they can be used 
to mimic the movement of animals, humans and insects for making biologically 
inspired mechanisms. These materials also have the potential for application in the 
field of robotics, where large linear movement is often needed. The general 
characteristic properties of EAPs and their significance [10] are summarized in Table 
1.4.  
Electroactive polymers have great potential as polymer-based actuators and 
sensors. The actuation in electronic EAPs (e-EAPs) is driven by the electrostatic 
mechanism due to the presence of dipoles. On the other hand, ionic EAPs (i-EAPs) 
actuate due to the diffusion or transport of ions within the polymer membrane. While 
e-EAPs can hold induced displacement under dc activation, i-EAPs require an 
electrolyte or solvent for actuation. However, due to their bi-directional actuation and 
low voltage requirements, i-EAPs are being considered for biomedical, space 
exploration, robotics and naval applications. Among the EAPs,  dielectric elastomers, 
conducting polymers, ionic gels, carbon nanotubes based actuators and ionic polymer 
metal composites (IPMCs) actuators are considered to be the most promising and 
attractive materials to the researchers because of their light weight, large bending 
displacement under low applied voltage and small force generation capability with 
dexterous behaviour [17-26]. 
Typically, an IPMC consists of a semipermeable polymer membrane 
sandwiched between Pt, Au or Ag metal electrodes and is neutralized with certain 
counter ions that balance the electrical charge of the anions covalently fixed to the 
back-bone membrane or in simple words an IPMC comprises of a neutralized semi 
permeable ion-exchange polymer membrane coated with metal Pt or Au as electrode 
at both surfaces of membrane and water as inner medium for the dissociation for 
metal cations. Ionic polymer metal composites (IPMCs) are capable of 
electromechanical and mechanoelectrical response to applied voltage and mechanical 
deformation respectively [27-30]. Figure 1.1 depicts the outline of general 
introduction of IPMC. 
 
1.2 HISTORY OF IPMC 
As mentioned earlier, IPMC is a type of i-EAP which gives a mechanical 
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Table 1.4: The general characteristic properties of EAPs and their significance [10] 
S.No. Measurement Properties Significance 
 
1 
 
Mechanical 
Tensile strength (Pa) Mechanical strength of the actuator material 
Stiffness (Pa) Required to calculate blocking stress, mechanical 
energy density and mechanical loss factor/ band 
width. 
Thermal expansion coefficient (ppm/C) Affects the thermal compatibility and residual 
stress. 
 
 
 
2 
 
 
               Electrical 
Maximum voltage (V) Necessary to determine limits of safe operation. 
Impedance spectra (Ohms and phase angle) Provides both resistance and capacitance data. 
Used to calculate the electrical energy density; 
electrical relaxation/dissipation and equivalent 
circuit. 
Nonlinear current (A) Used in the calculation of electrical energy 
density, quantify nonlinear responses/driving 
limitations. 
Sheet resistance (Ohms per square) Used for quality assurance. 
 
 
3 
                            
                               Strain 
                                
Electro active         Stress          
properties                               
                               Stiffness   
Electrically induced strain (%) or 
displacement (cm) 
Used in calculation of blocking stress and 
mechanical energy density. 
Electrically induced force (N) or 
mechanically induced charge (C) 
Electrically induced force/torque or stress 
induced charge. 
Stress/strain curve. Voltage controlled stiffness. 
4 Microstructure Thickness (electrode & EAP), internal 
structure, uniformity, anisotropy and hosted 
defects 
These are features that will require establishing 
standards to assure the quality of the material. 
 
5 Environmental behavior Operation at various temperatures, humidity 
and pressure conditions 
Determine material limitations at various 
conditions. 
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Figure 1.1: Outline of general introduction of IPMC 
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response upon applied voltage for the first time in 1992, was discovered by 
Shahinpoor [31], Oguru et al. [32] and Shadeghipour et al. [33]. Shadeghipour, et al. 
developed a novel accelerometer cell based on nafion coated with platinum and also 
calibrated it. Shahinpoor prepared swimming robotic structures using ionic polymer 
gel muscles. In this conceptual design, all the onboard electronics was to be placed in 
a head-like structure. A flexible membrane was attached to this head and was filled 
with an aqueous ionic gel. It was possible to electrically control the expansion and 
contraction of this polymeric fiber filled gel. Oguru, et al. showed that upon given 
voltage, mechanical deformation is produced across the thickness of a nafion based 
membrane. Scanning electron microscope (SEM) image of a nafion based IPMC is 
shown in Figures 1.2. Figure 1.3 shows the chemical structure of nafion based IPMC 
[34,35]. 
 
1.3 WORKING PRINCIPLE OF IPMC 
The actuation response of IPMCs was discovered in 1992 by Shahinpoor, 
Sadeghipour et al. and Oguro et al. [36-38]. When an adequate potential (~1-5 V) is 
applied across the thickness of an IPMC actuator, the hydrated counter cations are 
able to break away from the fixed anionic groups and move toward the negatively 
charged surface. The extent of bending is related to the magnitude of the applied 
potential and the direction of the bending motion is reversed by reversing the polarity 
of this potential. The polymer membrane allows selective ions to pass through 
membrane while blocking others ions in the hydrated state. The water present on the 
surface of IPMC serves as a medium for ion migration, so the quantity of water 
molecules present on the surface of the IPMC is very important factor which 
influences the performance of IPMC. During hydration, water molecules surround the 
cations and make the entire hydrated entity mobile. There are two possible physical 
forces responsible for actuation of IPMC. One is the fluid-induced swelling force 
[39]. In this case when an electrical potential is applied across the IPMC actuator, 
cations are redistributed and move towards the cathode side (cation rich region) 
bringing with their water molecules resulting in a locally imbalanced net charge  
density which produces internal stresses acting on the backbone of polymer causes 
differential swelling across the polymer thickness. In the anion-rich region, the  
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Figure 1.2: SEM image showing surface morphology of a nafion based IPMC 
membrane (a) and actual view of fabricated nafion based IPMC membrane actuator 
(b) 
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Figure 1.3: Chemical structure of nafion (perfluorinated sulfonic acid ionic polymer) 
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polymer chains relax, while in the cation rich region, they further extend, 
consequently, the IPMC will bend towards the anode side (cation poor region). The 
force is the electrostatic force that arised due to the imbalanced net charges in the 
polymer membrane [40]. On the other hand, if a mechanical force is applied to the 
IPMC and makes it bend, the ion movement will generate sensing charges on the 
electrodes. So an IPMC can be used both for sensing and actuation.  [40,41]. The 
pressure from the strained polymer matrix causes water to diffuse out of the cation 
rich areas, resulting in a slow relaxation toward the cathode. Under dry conditions, the 
cross-linked cations are not free to move. However, in wet condition (on hydration) 
cations are surrounded by water molecules to make the whole film mobile. Thus, 
transduction in the IPMCs film is because of the movement of cations with the water 
molecules [42]. They operate best in a humid environment and can be made as self-
contained encapsulated actuators to operate in dry environments as well. They have 
been modelled as both capacitive and resistive element actuators that behave like 
biological muscle and provide an attractive means of actuation as artificial muscles 
for biomechanics and biomimetics applications [43]. Transport of hydrated cations 
within an IPMC beam under the applied voltage and associated electrostatic 
interactions lead to the bending of an IPMC beam. The responsible factors are: 
a) Swelling and contraction caused by the water content. 
b) Electrostatic force generated by deviation of fixed charges of sulphonic acid 
groups. 
c) Momentum conservation effect concerning the ion migration and the water 
travel. 
d) Conformation change of the polymer structure according to the ionic 
migration. 
This conformation change actually represents bending of the polymer. The 
transduction principles of an IPMC are illustrated in Figure 1.4. 
A bending response under the influence of a low voltage of about 1-5 V of an 
IPMC was first reported by Oguro  et al. [44] and Shahinpoor et al. [36] also reported 
similar findings at the same time. Use of mechanoelectric transduction for the 
development of a pressure sensor has been reported by Sadeghipour et al. [3]. 
Relatively high bandwidth (several hundred Hertz), flexibility, operational feasibility 
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Figure 1.4: Graphical representation of bending mechanism of IPMC membrane 
actuator 
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in aqueous environment and chemical stability are some of the advantages inherited 
by IPMCs. A lifetime of up to 250000 cycles has been recorded for an ionic liquid 
coated IPMC operating in air [45]. Hunter et al. [46] did an extended comparison of 
the performances of artificial actuators. Comparison of some of the smart materials 
with strength [10] is shown in Table 1.5. Thus, from the Table 1.5, it can be 
concluded that IPMC has potential as an actuator in low-mass, large bending 
displacement, sensors and other applications. From static test results such as those 
blocking force tests and displacement, an IPMC actuator can be corresponding to a 
composite beam [47]. Coulomb forces and diffusion are associated with reverse 
effects and considered as bending [48]. 
Generally, IPMC is capable of actuating and sensing in harsh conditions. It 
can responds at low temperature as -100 °C where an increase in voltage allows 
compensation for the loss in efficiency. Furthermore, IPMC based artificial muscle 
becomes less conductive because decrease in the temperature increases electrical 
resistance. The results come out to resist the generally accepted fact that resistance of 
metallic conductors with increasing/decreasing temperature increases/decreases 
respectively. It has been reported that the IPMC displays less ionic current activities 
and becomes less active at lower temperature [35]. Upon varying the applied 
frequency signal the point where large deformations are observed at a critical 
frequency called resonant frequency, beyond which the actuator response is 
diminished. Mechanical hysteresis and time varying performance is the main 
drawbacks of IPMC materials. With the research over the past decade, the materials 
have become more stable but these problems are not completely resolved. In the 
recent years, research pertaining to IPMC materials has prolonged more in terms of better 
adaptability to the environment applicability and getting higher efficiency [49, 50]. 
 
1.4 STRUCTURE OF IPMC 
As previously mentioned, an IPMC actuator imparting a layered structure 
consists of a polymer or composite material membrane coated with novel metal 
electrodes. Scanning electron microscopes of an IPMC membrane actuator, shows a 
maximum of three layered (Figure 1.5). The intermediate polymer layer is followed  
by outer most layers of metal electrodes on both the surfaces. The intermediate 
polymer layer comprises of Pt, Au or Ag metal particles dispersed or deeply 
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Table 1.5: Comparison of an IPMC with other smart materials [10] 
S.No. Smart Materials Strain (%) Stress (MPa) Efficiency (%) 
1 Magnetostrictive 0.2 - < 50 
2 Piezoelectric 0.1 35 > 75 
3 SMA > 4 > 300 > 3.8 
4 IPMC > 40 0.3 > 30 
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Figure 1.5: Scanning electron micrograph shows the three layers in an electroless 
plated  nafion based IPMC membrane actuator [34] 
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embedded inside the polymer matrix. Figure 1.5 represents the cross sectional view 
of three layers in an electroless plated IPMC membrane. In a sputter-coated sample 
the number of layers is limited to two: the polymer layer and the electrode. Each layer 
contributes to the overall electromechanical and mechanoelectric effects in the IPMC. 
Research has been conducted to understand the electrode layer comprising of porous 
electrodes [51-5], the intermediate layer [56-58] and the polymer layer [59-63]. The 
role of these different layers in the transduction of IPMC actuator can be better 
explained in the following section. 
 
1.4.1 Polymer layer 
  Typically, an ion-exchange composite and polymer membrane with selective 
ion diffusivity and ion conductivity are used for fabricating an IPMC actuator. The 
ion-exchange membrane acts as a pathway for selective ions to move. The 
transduction in the IPMC actuator depends on the counter ions, ionomer and the state 
of hydration of the polymer membrane. Two ionomers with the name of nafion 
(perfluorosulfonate) by DuPont or flemion (perfluoro carboxylate) by Asahi Glass are 
commonly available. The major differences between these two ionomers are in the 
ion-exchange capacities and functional groups (nafion having sulfonate and the 
flemion having carboxylate groups). The carboxylate group has better mechanical 
strength and higher ion-exchange capacity corresponding to sulfonate group. Larger 
ion-exchange sites cause a higher interfacial area between the metal electrode and the 
polymer in flemion based samples [64]. A flemion based IPMC has higher water 
uptake, larger bending,  higher stiffnes, no back relaxation, higher dielectric strength, 
better mechanical strength and higher capacitance then nafion based one [65,66]. 
However, due to commercial availability, nafion is used as a base polymer for 
fabricating IPMC because of several advantages such as higher working temperature 
(up to 120 ºC), chemical resistance and high ion conductivity of around 0.1 S cm−1 in 
1 M H2SO4 at 20 ºC measured using a dc current pulse as compared to other polymers 
[67,68]. Nafion is a perfluorosulfonate ionomer that contains a 
poly(tetrafluoroethylene) backbone and perfluoroether side chains that terminate in a 
sulfonate group. The anions are attached to the polymer chain while the cations are 
free to move upon hydration [69]. Its derivatives can be synthesized normally by the 
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copolymerization of a derivative of a perfluoro (methyl vinyl ether) with sulfonyl acid 
fluoride and tetrafluoroethylene. Beside the various advantages, perfluorinated 
polymers have some limitations including low blocking force, back relaxation, high 
cost and environmental unfriendliness. Therefore, to replace the perfluorinated 
polymers and improve the performance of IPMCs actuators, non-perfluorinated EAPs 
are considered to be important alternatives [70]. It has also been shown that the IPMC 
deflection and force are positively affected by an increase in ionic conductivity. Since 
the key role of the ionomers in the transduction of IPMC is charge transport, hence an 
attempt to improve the ionic conductivity has been made. Other properties that affect 
the transduction capabilities are the ion-exchange capacity, water uptake and elastic 
modulus. 
 
1.4.2 Layer of electrode 
The electrode layer plays an important role in IPMC transduction. Different 
electrode properties like electrode thickness, morphology and the types of metal used 
influence the performance of IPMC actuators. It is also much easier to modify the 
electrode layer to change the IPMC properties than the ionomer or intermediate 
layers. 
 
1.4.3 Morphology of electrode  
The morphology of electrode affects the transduction property of an IPMC 
actuator [71]. The overall capacitance of the IPMC increases as the surface area of the 
electrode increased. Porosity and thickness of the novel metal electrode play very 
important role in controlling the resistance of electrode [52,72]. On the other hand, the 
particle gap, thickness and the distance between the surfaces of particles in the 
intermediate layer directly affect the capacitance of the electrode. In addition, the 
transduction of IPMC actuator is affected by the surface area of the electrode, which 
in turn is controlled by the morphology. IPMC transduction can also be improved by 
increasing the surface area which improves the capacitance of an IPMC.  The effect of 
surface roughening on IPMC properties was studied by Jin et al. [73] and Tiwari 
[74].Both the studies confirmed that transduction in IPMC is improved by 
roughening. An improvement in tensile modulus and capacitance due to better 
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electrode adhesion and electrode penetration was observed. The electrode morphology 
is also affected by the type of metal used for electroding. Gold and palladium 
electrodes form smoother electrode surfaces thus show better transduction [75,76]. 
 
1.4.4 Thickness of electrode  
Increase or decrease of the electrode thickness and conductivity positively 
affects the transduction in an IPMC. This is because the resistivity, ρ, of the electrode 
is inversely proportional to the charge transfer: 
 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= 𝑉𝑉𝐿𝐿𝑡𝑡  𝑊𝑊2ℎ𝜌𝜌  ..............................................................................................................(1) 
 
Where Q is the charge, V is the voltage across the thickness of the electrode (2h), 
length (Lt) and width (W) of the IPMC.  
Lee and Yoo [77] studied the effect of alcohols (methanol, n-propanol and ethanol) on 
the thickness of the electrode layer in the first deposition step. It was found that 
ethanol produced more uniform and thicker layer whereas in cases of propanol and 
methanol a thinner electrode were produced compared to than water based samples. 
An alcohol based samples was found to have higher surface resistance than water 
based sample (methanol: 9 kΩ cm−1; ethanol: 3.8 kΩ cm−1; 1-propanol: 7 kΩ cm−1). It 
was observed that the electrode thickness increases with the number of plating cycles 
used for electroding and the reduction in temperature employed for the fabrication of 
IPMC actuator. The first reduction temperature mainly affects the electrode thickness 
while the second temperature reduction has more effect on the electrode density [78]. 
The results of Kim et al. [52] study summarized in Table 1.6 shows the effect of 
reduction temperature and the plating cycle on electrode properties. An increase in 
capacitance and particle size was observed with the reduction temperature and plating 
cycle. 
 
1.4.5 Electroding metal 
The hydration is required for IPMCs operation hence care must be taken with 
the type of metal used for electroding. Platinum [79,80] and gold remain stable under 
hydration, resist corrosion and have high conductivity, hence commonly used for 
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Table 1.6. Effect of plating cycle and reduction temperature on the particle size and 
capacitance of an actuator [2,56] 
 
S.No. 
 
Studies 
No. of plating cycles Reduction 
temperature  
(⁰C) 
1 2 3 30 40 50 
1 Capacitance @10 Hz 
(mF cm−2) 
1 1.9 2.48 0.2 0.5 1 
2 Surface electrode thickness 
(μm) 
1.5 2.5 3 0.9 1.1 1.5 
3 Particle size  
(nm) 
60 
(±10) 
85 
(±15) 
110 
(±20) 
40 
(±20) 
75 
(±15) 
90 
(±10) 
4 Sheet resistance  
(Ω/sq) 
9.8 4.95 4.3 13 11 6 
5 Intermediate layer thickness 
(nm) 
300 200 <200 1500 400 200 
6 Particle gap in intermediate 
layer  
(nm) 
100 50 <50 <200 <100 <50 
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electroding. Platinum has good chemical stability and availability in different cationic 
forms. The properties of platinum electrodes could be modified by using palladium 
[75] or silver nano powders [55]. Gold electroding on IPMCs actuator also offer 
several advantages such as high electric conductivity, softness, non-toxicity and high 
conductivity (454-500 S cm−1) but a low surface area of 0.4-0.75 m2 g−1. Three 
different techniques have been used for electroless plating of Au electrode: galvanic 
displacement, autocatalytic and substrate-catalyzed. The impregnation reduction (IR) 
technique for gold electroding was patented by Fujiwara et al. [81,82]. Gold flakes 
have also been used for electroding [83,84]. Despite their favorable properties both 
gold and platinum are expensive. 
Due to high availability (in the form of a powder, woven cloths, belts, fibers 
[85] or tapes), low price, specific capacitance (10 μF cm−2) with a density of around 
0.6 g cm−3 and large surface area of 1900 m2 g−1, carbon black has been widely used 
for electroding [56,86,87]. However, electroding using hot pressing causes the carbon 
black electrode to delaminate. Carbon nanotube (CNT) has demonstrated large force 
generation and small strain of around 0.1-1 % [88]. These advancements have led to 
the manufacture of IPMCs with CNTs as electrodes [78,45,88-93]. Single wall 
nanotubes (SWNTs) have high surface area of 1000 m2 g−1. However, the poor 
dispersion inside the membrane and high cost limit their application [94]. Iridium [95] 
and ruthenium [96] due to their specific capacitances and large surface areas of 80-1000 
μF cm−2 and 50-70 m2 g−1 respectively, are preferred over Au and Pt. Other metals such as 
silver, lead [97], copper [98,99], palladium [79] and nickel [97,100, 101] have also been 
used for electroding because of their similar properties to Pt and Au electroded IPMCs 
actuators. However, nickel, silver and copper are corrosive and have limited applications 
in the aqueous media. Organic conductors such as polyaniline (PANI), polypyrrole and 
Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) have also been 
used for the development of all organic conductors with a typical conductivity of 100 S 
cm−1 [102]. 
 
1.4.6 Intermediate layer 
The research on IPMCs actuators has been focused mostly on the polymer 
layer and the electrode layer. Intermediate layer plays important role in the 
transduction of IPMC by affecting the interfacial area between the polymer electrode 
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 and the IPMC capacitance. The role of the intermediate layer in IPMC transduction 
has been overlooked [103,104]. It has been observed that with an increase in the 
interfacial area, bending responses as well as the charge output of IPMC have 
improved. Sunghee et al. [105] demonstrated the importance of optimizing the 
interfacial area. They observed that penetration of platinum particles inside the 
polymer membrane increases after soaking and reaches to saturation after 3 h of 
immersion. They also concluded that after fourth plating cycle when saturation in the 
interfacial area was occurred further plating leads to an increase in the electrode 
stiffness, hence reduce the displacement of the IPMC membrane tip under applied 
electric potential. Mechanical deformation in the IPMC membrane occurs due to 
charge accumulation at the interface between the polymer and the electrode because 
of a stronger correlation between capacitance and strain. The existence of this relation 
between the actuation of an IPMC and its capacitance was experimentally 
demonstrated by Akle et al. [106]. 
 
1.5 MANUFACTURING TECHNIQUES 
Multiple studies and various efforts have been performed to manufacture 
IPMC actuators, but the variability from sample to sample created difficulty to draw 
definite conclusions and repeatable results that may be readily reproduced [55,107-
110]. Fabrication of IPMC starts by selecting the base ion-exchange polymeric 
materials, typically manufactured from organic or organic-inorganic composite 
polymers with covalently bonded fixed ionic groups [53,111,112].  
The most commonly used ion-exchange materials for the fabrication of IPMCs 
are perfluorinated hydrocarbon: with short side chains terminated by ionic groups (i.e. 
nafion from DuPontTM) [39], typically sulfonate or carboxylate (-SO3− or -COO−) for 
cation exchange or ammonium cations for anion exchange [113-118]. Perfluorinated 
ion exchange materials are organofluorine compounds with all hydrogen replaced by 
fluorine on a carbon chain having at least one functional group or different atoms. The 
chemical formula of a typical perfluorinated compound of nafion is shown in Figure 
1.3. 
The mechanical strength of IPMC materials is determined by the large 
polymer backbones, while the short side-chains provide ionic groups that interact with 
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the inner solvent and the passage of selective ions. These features are different in 
other ionic polymers that are primarily limited by cross linking such as 
styrene/divinylbenzene families, the ability of the ionic polymers to expand (due to 
their hydrophilic nature). Fabrication of IPMC actuator is a lab-intensive work hence 
safety measures should be taken in consideration during chemical processing. The 
initial compositing process and surface electroding process are the two distinct IPMC 
fabrication processes. Based on the preparation processes, the morphologies of 
precipitated metals significantly differ. 
The purpose of the compositing process is to metalize the polymer membrane 
by immersing polymer membrane in a salt solution of platinum-containing cations via 
the ion-exchange process. A proper reducing agent (LiBH4 or NaBH4) is used to 
metalize the polymer. However, the distribution of metallic particles across the 
polymer membrane is not homogeneous but concentrations of metal particles are 
nearer to the interface boundaries. Kim and Shahinpoor [119] have presented a 
detailed description of various techniques and procedures used in manufacturing of 
IPMCs including their performance and comparison. 
Surface electroding process is carried out by using proper reducing agents to 
carry out reduction, predominantly on the initial platinum electrode layer on the 
membrane surface formed by the initial compositing process leading to a rather 
smooth metallic surface.  The mechanical and electrical behavior of IPMC also 
influence by the variation of the deposition of electrode material. The process of 
deposition of metal electrodes on the membrane surface is known as electroding. 
Irrespective of the method used, electroding is aimed: 
a) Deposition of metal particles on both the surface of the membrane. 
b) Formation of a uniform metal layer that is chemically and mechanically stable. 
c) Maximization of interfacial area between the electrode and membrane. 
d) Minimization of electrical resistance of the electrode. 
The first step is to roughen the material surface where it will serve as an effective 
electrode. This involves sandblasting or sandpapering the surface of the polymer in 
order to increase the surface area density where platinum salt penetration and 
reduction occur, as well as ultrasonic cleaning and chemical cleaning by acid boiling 
(HCl or HNO3, low concentrates). The second step is to incorporate the ion 
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 exchanging process using a metal complex solution such as tetraamine platinum 
chloride hydrate as an aqueous platinum complex ([Pt(NH3)4]Cl2 or [Pt(NH3)6]Cl4) 
solution. To carry out the ion-exchange process, immerse the membrane in the Pt salt 
solution, adding ammonium hydroxide solution (5%) to neutralize the solution and 
leave the membrane at room temperature for a few hours (preferably one night) [120]. 
Although the equilibrium condition depends on the type of charge of the metal 
complex, such complexes were found to provide good electrodes. The third step 
(initial platinum compositing process) is to reduce the platinum complex cations to 
the metallic state in the form of nanoparticles by using effective reducing agents such 
as an aqueous solution of sodium or lithium borohydride (5%) at favourable 
temperature (i.e. 60 ºC). 
Before the reduction carried out, rinse the polymer membrane with DMW with 
constant stirring at 40 °C, add 2 mL of the aqueous sodium borohydride solution (5 
wt% NaBH4 aqueous) every 30 minutes for several times while gradually raising the 
temperature up to 60 °C. Add 20 mL of prepared aqueous solution of NaBH4 and 
stirred for 1.5 h at 60 °C. This gives a black layer of Pt particles deposited on the 
surface of the polymer membrane. To terminate the reduction process, rinse the 
membrane with DMW followed by immersing in 0.1 N HCl solution for 1 h. 
A small amount of sample is warmed with NaBH4 to check the end point. 
Precautions should be taken because adding reducing agent (NaBH4 powder) in a hot 
solution can cause a gas explosion. If there is any trace of Pt ion remains in the plating 
solution, the colour of the solution turns to black. In such case, continue deposition of 
Pt particles with addition of NH2OH-HCl and NH2NH2 solution, until no Pt ion 
remains. 
Finally after washing, treat the membrane with dilute 0.1 N HCl. H+ in the 
composite membrane can be simply exchanged for any cation by immersing it in a 
solution of the chloride salt of the cation, e.g., LiCl in order to exchange it into the 
lithium cation form. Palladium, silver, gold, and copper have also been successfully 
used as electrodes. The primary reaction for platinum composites is: 
 
LiBH4 + 4[Pt(NH3)4]2+ + 8OH¯                       4Pt + 16NH3 + LiBO2 + 6H2O ........ .(2) 
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Other IPMC fabrication processes are described below. 
 
1.5.1 Physical metal loading 
Fabrication of IPMCs by physically metal loading method is a novel technique 
which is faster than conventional method [121]. The principle of this technique 
involves two simple steps. First of all, a conductive primary powder is physically 
loaded into the ionic polymer, forming a dispersed particulate layer. In the second 
step, chemical plating method is used to secure smaller secondary particles using 
reducing agents, similar to the conventional methods. Furthermore, an electroplating 
process can be applied to integrate the entire conductive phase intact, which serves as 
an effective electrode. 
 
1.5.2 Casting method 
The performance of the IPMC membrane varies with its thickness. Hence to 
achieve a desired thickness of IPMC film other than commercialized thickness, the 
casting method is widely used. However, casting method has a reproducibility 
problem because it requires great attention to process variables such as temperature 
and concentration of specific solvent [122]. According to the technical information 
concerning nafion [123], the volume of nafion dispersion is approximately ten times 
the volume of cast nafion. The overall casting process consists of three steps (a) 
proper mixing, (b) constant stirring and sonicating and (c) thermal treatment. The 
mechanical stiffness of the cast polymer film is enhanced by thermal treatment by 
increasing strength of the molecule’s bonding structure. Finally, the polymer film has 
to be treated with the H2O2 solution at temperature range between 75-100 °C for 1 h 
followed by boiling in demineralised water for 1 h. This method has been used to 
achieve IPMC actuators of desired thickness [124]. 
 
1.5.3 Hot-pressing method 
The hot-pressing method commonly uses a hot pressing machine to make 
several thin polymer films to adhere together, which enhances the force performance, 
reproducibility and bending stiffness (Figure 1.6). Easy to control the thickness, 
repeatability and simplicity are the main advantages of this method [122]. Preparation 
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Figure 1.6: Fabrication of IPMC by stacking and hot press techniques  
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of IPMC actuators by this method is described below. 
Take the polymer films or membranes with proper dimensions, rinse with 
acetone followed by stacking in the mold with polyimide film. The mold is then 
pressesed at 180°C without pressure for 20 min. in preheated presses, followed by 
pressing for 10 min. at 50MPa. Cooling the polymer films to ambient temperature in 
the air then treated with 3wt% sulfuric acid at 70°C for 1 h. Finally treat the film with 
10 wt% H2O2 at 70 °C for 1 h followed by rinsing with DMW for 0.5 h. Ion-exchange 
process is carried out by immersing the stack membrane in an aqueous solution of 
platinum ammine complex ([Pt(NH3)4Cl2]) for 1-2 days. After rinsing the film with 
DMW, place it in 500 mL of stirring water at 40°C and add 5 mL of 5wt% aqueous 
solution of NaBH4 after every 30 min. at 60°C. 
 
1.5.4 Electroless plating method 
There are several fabrication methods including sputtering, taping with 
conductive film, or chemical reduction among others. However, electroless plating is 
the best process to fabricate IPMCs, using conductive metal ions (platinum or gold). 
Generally, IPMC is fabricated by the chemical reduction method due to the low cost 
and uniform surface coating with metal by using this method. The adhesion of metal 
electrode on the surface of polymer membrane is one of the main problems during the 
IPMC fabrication. The electroless plating technique can also be used with other 
methods like electroplating, polymer coating and hot-embossing to modify the 
adhesion between electrode and polymer, decreasing fabrication time and lowering 
the cost [21]. Chung et al. [125] prepare the EAPs membrane by using solution 
casting method and electroless plating for platinum electroding for the study of 
electrodes behaviours, membrane properties and processing conditions. Their study 
clearly shows that smoothness of surface increase by decreasing the surface roughness 
to 3 nm from the typical 52 nm but the surface resistance was too high to activate the 
bending motion. They coated the electrodes again in order to reduce the surface 
resistance, thus fabricated IPMC showed longer bending life time than typical IPMC. 
Zhang et al. [126] fabricated the IPMC actuator based on Ag-nafion using penetration 
reduction and chemical plating methods for electroding palladium, platinum and gold 
due to their high conductivity and corrosion resistance. Metals such as copper have 
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also been used as electrodes [127]. Electrode deposition using sputter coating and 
electrode deposition on dry and solvated membranes, using a direct assembly process, 
have also been considered [106,128]. However, the most commonly used 
manufacturing technique is electrode deposition because by using this technique the 
mechanical and chemical stabilities of electrodes are enhanced [79]. Kim et al. [124] 
have reported that the performance of IPMCs is directly affected by the concentration 
and size distribution of platinum particles on the membrane surface. The performance 
of IPMC can increase by using some of these techniques- 
a) The multiple platinum reduction process has been effective to produce IPMCs 
exhibiting larger force characteristics. 
b) During the platinum platinization process, use of dispersing agents gives 
significantly improved force characteristics showing a quick response upon 
applied electric potential with increased force generation. 
The base material stretching process results in the higher permeability 
compared to the unstretched base material platinum composition process. It was clear 
from these techniques that the particle penetration within the material is much more 
effective, and forms a much denser platinum particle phase and distribution. 
 
1.5.5 Micro fabrication method  
Chung et al. [55] proposed micro-fabrication technologies which integrates the 
physical and chemical methods for the fabrication of IPMC actuators free from 
surface roughening pretreatment for good adhesion reducing both cost and fabrication 
time. The basic principle of this method is the casting of silver nano-powders with 
polymer composite followed by plating silver metal electrode by electroless plating 
method. 
 
1.6 IPMC ACTUATOR: CHARACTERISTICS, PERFORMANCE AND 
MEASUREMENTS 
 
1.6.1 Generative force 
A larger actuation displacement and force with reasonable actuation frequency 
is necessary for the successful application of IPMCs membrane actuators. The 
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blocking force is mainly dependent on the length of IPMC, thickness and width. 
According to Kim et al. [47], the blocking force is proportional to the square of the 
thickness of IPMC and linearly proportional to the width and inversely proportional to 
the length of the IPMC. 
With thick IPMC membrane, high tip force can be generated for working 
relatively longer duration while its tip displacement and response speed are decreased. 
A long IPMC membrane cannot produce a high tip force but can create a large 
displacement. Tip displacement along with the tip force increases with increase in the 
applied voltage. In this case, electrolysis is accelerated which increase the evaporation 
of solvent by the heat generated from the IPMC actuator resulting in the poor 
repeatability. 
Therefore, trade off in the actuation displacement, response speed, actuation 
force and endurance must be considered during the development of IPMCs actuator. 
Reduced surface resistance of metal electrodes in an IPMC also contributes to 
improvement of actuation performance and repeatability at the same time. 
 
1.6.2 Frequency response test 
While the deformation and blocking force characteristics of IPMC might be 
changed due to the micro cracks of the surface electrode that can increase the surface 
resistance, the natural frequencies are little affected by the surface electrode condition 
[47]. Therefore, the results of a frequency response test are used to establish the 
equivalent Young’s modulus of IPMC. Frequency response of IPMC contains not 
only the structural characteristics of IPMC but also electrical characteristics. It was 
seen that the electrical characteristics change the IPMC system, while the 1st and 2nd 
natural frequencies are quite similar confirming that the electrical characteristics do 
not have an effect on the 1st and 2nd natural frequencies. Mechanical characteristics of 
IPMC also depend on the frequency, generally as the frequency increases there is 
corresponding decrease of displacement. At low frequencies (0.1~1.0Hz) and an 
imposed voltage, the effective elastic modulus of the IPMC cantilever strip is small, 
while at higher frequency (5~20Hz), the elastic modulus is high and the displacement 
is smaller. It happens due to the simple fact that during low frequency the hydrated  
ions have time to gush out of the surface electrode while in the high frequency they 
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 are rather contained inside the polymer.  
 
1.6.3 Characteristics of IPMC under the variation of thickness 
Nakamura et al. [129] established the relationship between the structure of 
IPMC and force generation as well as process of fabrication by investigating 
electromechanical and electrochemical characteristics of IPMC using impedance 
analysis. This study reveals that the generated force is dependent on the repeated 
plating, preheating and thickness of IPMC. The generated force almost linearly 
increases for the current range of 0-300 mA. It is assumed that the movement of 
counter ions followed by trapped water molecules being driven by the applied voltage 
on both sides of IPMC actuator. It was also seen that the generated force and 
capacitance of IPMC increased with the increase of the thickness but show non linear 
behaviour. A similar behaviour was also observed with resistance, an increase in 
resistance resulting from increasing thickness but the trend of resistance was almost 
linear to thickness [130]. 
 
1.6.4 Characteristics of IPMC under the variation of input voltage 
As the applying voltage increases, both bending displacement and the 
generative tip force increase. The linearity of the bending displacement and generative 
tip force is improved, as the thickness gets thinner. This is because as the thickness of 
the actuator gets thin, the uniformity of the electrodes is improved [10].  
 
1.6.5 Effect of different cations 
Electromechanical and chemical responses of IPMCs actuator depend on the 
nature of ion-exchange polymer, the conductivity and morphology of the metal 
electrodes, cations, and solvent uptake [65,131,132]. The performance and bending 
displacement towards the positive electrode depend on the type of solvent used. 
Different alkali metal cations acquire different speeds and total tip displacements for 
the same IPMC membrane. 
After performing the experiments, Kim and Shahinpoor [119] realised that the 
properties of IPMC differ depending upon different cations. For this nine samples 
were used and each of which was soaking in an appropriate salt solution (1.5 N of 
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 NaCl, LiCl, KCl, HCl, CaCl2, MgCl2, BaCl2, CH3[Ch2]3NBr, [CH3]4NBr), 
respectively at modest temperature (30°C), for 3 days. Figure 1.7 shows the blocking 
force of different IPMC containing various cations relative to the Na+ ions containing 
IPMC at zero displacement [119]. From this figure it is clear that Li+ containing 
IPMC is superior. It clearly shows that hydration processes with respect to mobile 
cations play important role in actuation behaviour. 
 
1.7 APPLICATION 
IPMCs have many advantages such as (1) produce high displacement, (2) 
require low drive voltage, (3) can operate very well in wet environment and (4) can be 
cut into small strips or any desired form. Therefore, IPMCs have significant potential 
in low mass, high displacement actuation and other applications. Figure 1.8 
demonstrates the applications of IPMC in different fields, a few are discussed below. 
1.7.1 Robotics application 
For years efforts have been made in the direction of creating humanoids or 
robots, which resemble man. With the development of IPMC the goal of creating 
robots which can walk, talk and more importantly, show emotions like man appears to 
be closer. Hence, IPMC shows a potential to act like human muscles, thus we might 
be able to build robots which are closer to a human. Fabrication of biomimetic robots 
requires (a) development of specific circuitry, (b) power and regulators integrated into 
the mobility elements to allow a limited degree of self-powered manoeuvring [1]. A 
conceptual design of a swimming robot structure using IPMC was presented by 
Shahinpoor [31]. Such a swimming robotic structure in the form of a submarine 
structure partially encapsulated in a flexible membrane filled with an electrolyte like 
water. Incidentally, the first commercial application of IPMC was a swimming fish 
robot developed by Eamex, Japan which was exhibited recently [133]. Bar-Cohen et 
al. designed and fabricated a four finger based gripper with hooks miniature robotic 
arm at Jet Propulsion Laboratory (JPL) [134]. 
 
1.7.2 Space application 
To meet the most challenging and technologically demanding space applications 
new technologies and materials find immediate application in space need to be 
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Figure 1.7: Effects of various cations on the actuation of the IPMC muscle [119] 
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Figure 1.8: Applications of IPMCs in different areas 
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developed. Bar-Cohen et al. developed a planetary dust wiper based on IPMC to 
remove planetary dust particles from the surface of a Nanorover [30]. It was a joint 
effort of National Aeronautics and Space Administration (NASA) and National Space 
Development Agency of Japan (NASDA). NASA found that operations on Mars 
involve an environment that causes accumulation of dust on hardware surfaces. 
Hence, they proposed a planetary dust wiper. This dust may cause serious damage to 
delicate and precious instruments such as a high-resolution camera, etc. 
 
1.7.3 Human-machine interface 
There is demand to develope better human-machine interfaces to help our 
sensory system efficiently. For example, a highly developed interface is needed by 
doctor to avoid realizing the difference due to his physical absence in telesurgery. 
Haptic devices and tactile sensors are some of the important human-machine 
interfaces [1]. To provide a human operator, artificial tactile feel display with the 
required stimuli was produced using IPMC actuators [135]. The idea of using EAPs in 
active tactile display device to present textual and graphical information to a blind 
person was presented by Bar-Cohen. The display medium can be constructed as a 
planar array of small cones called ‘reading pins’ [1]. 
 
 1.7.4 Medical applications 
Ease of operation, flexibility, softness and large displacement similar to biological 
muscles make the IPMC good candidates to operate as substitutes for human muscles [1]. 
Shahinpoor [136] used IPMC as artificial muscles. A human body contains large 
percentage of water and IPMC operates very well in presence of a solvent medium like 
water makes it a very good material for making artificial muscles, robots. This can be 
inserted into body to perform surgeries, a closed loop real-time control system will 
control it and a haptic interface like joystick will be used in the closed loop. IPMC can 
also be used in developing micro-robots, which can guide catheters in the blood stream 
[1]. 
 
1.7.5 Micro-manipulation applications 
Since the last decade there has been tremendous escalation in the field of 
micro-electromechanical systems (MEMS). Presently MEMS devices such as micro- 
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pumps fail to achieve very high displacements or forces because of many limitations 
in terms of applied voltage or energy consumption. EAPs in general and IPMCs in 
particular because of their large displacements and low power consumption, can be a 
suitable material in MEMS [1]. IPMC actuators are well suited in micromanipulation 
devices due to easily micromanipulation in micro-assembly of small parts, in micro-
fabrication, etc. Lumia and Shahinpoor gave a design of a micro-gripper, which used 
both the actuation and sensing capabilities of IPMC [137]. Kim and Bhat initiated an 
idea of using IPMC strips as fingers for a micro-gripper system [138]. 
 
1.8 MAIN OBJECTIVE OF RESEARCH 
 Typically, perfluorinated polymer-based ionomers membranes with the trade 
name of nafion are being used as actuators and dynamic sensors are commercially 
available for IPMC actuator applications because of their high proton exchange 
capacity, thermal, mechanical and chemical stabilities [106,114,115,139-144]. 
However, these polymers have certain drawbacks such as loss of proton conductivity 
at temperatures higher than 80 °C, high cost of fabrication, hazardous nature, small 
actuation bandwidth, low blocking force, little humidity due to drops in proton 
conductivity, as well as membrane dehydration. Therefore, the main objective of this 
work was to find out suitable non-perfluorinated ionic polymers/composite materials 
as alternative to the perfluorinated ionic polymers for IPMC actuators. Non-
perfluorinated polymers have various advantages such as good film forming 
capability, short processing time, low cost of fabrication, good flexibility, high 
thermo-mechanical stabilities and easy modification of chemical properties such as 
ion-exchange and water holding capacities and proton conductivity [34,144]. 
Therefore, non-perfluorinated polymers based IPMC actuators can provide an easy 
and reliable solution for the realization of novel actuators as well as the possibility of 
industrial applications. It is stimulating to build smart material actuators, which can 
accomplish bio/micro manipulation, bio-sensing, and micro robotic tasks. 
The goals of this work are as follows: 
a) Design an IPMC actuator with a low cost and high reliability manufacturing 
process modified from other previous protocol. 
b) To verify the actuator by a series of dynamic testing in an aqueous environment. 
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c) To controling the bending motion of the actuator by implementing a PID 
controller.  
 
1.9 LITERATURE REVIEW 
A vast variety of bending actuators based on different types of EAPs have 
been developed during last decade. It is very difficult to compile all the work carried 
out in this field. Thus, an attempt has been made to arrange the work carried out 
during last 15 years. The work published on perluorinated and non-perfluorinated 
polymer/composite based different types of actuators during the last fifteen years has 
been presented briefly in Table 1.7.  
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Table 1.7: Perfluorinated and non-perfluorinated polymer or composite based IPMC actuators.  
S.No. Title Remarks Ref. 
Perfluorinated polymer or composite based actuators 
1 Bending of polyelectrolyte membrane 
platinum composites by electric stimuli 
Part II. Response kinetics 
A solid composite polymer electrolyte membrane-platinum (SPM-Pt) showing 
bending response with electric stimuli. A model was developed in which 
mechanical deformation was applied to the kinetics of the bending response. 
In the solid polymer electrolyte membrane (SPM) under electric fields via 
electro-kinetically induced pressure gradients. 
[144] 
2 Electric field sensitive neutral polymer 
gels 
In this paper, the effects on the motility and shape of polymer gels induced by 
electric field and new driving mechanism to induce bending deformation of a 
neutral polymer gels was described. 
[145] 
3 Morphology of electrodes and bending 
response of the polymer electrolyte 
actuator 
In this study, the bending behavior of a perfluoro carboxylic acid polymer film 
plated with Au metal electrode was measured by applied potential in water or 
saline solution. 
[71] 
4 Bending deformation of neutral polymer 
gels induced by electric fields 
This study showed when finely distributed colloidal particles were 
incorporated into a swollen neutral polymer gel bending response under 
electric field occurs. 
[146] 
5 State of water and ionic conductivity of 
solid polymer electrolyte membranes in 
relation to polymer actuators 
Examination of state of the water and the ionic conductivity of various ionic 
forms of solid polymer electrolyte membranes upon polymer actuators was 
discussed. 
[147] 
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6 The effects of counter ions on 
characterization and performance of a 
solid polymer electrolyte actuator 
For perfluorinated polymer membrane when exchanged with alkali metal ions 
as counter ions, the displacement was rapid i.e. fast response under electric 
stimuli. 
[148] 
7 Novel ionic polymer metal composites 
equipped with physically loaded 
particulate electrodes as biomimetic 
sensors, actuators and artificial muscles  
The novel fabrication method of manufacturing IPMCs actuator based on 
perfluorinated polymer equipped with physically loaded electrodes as artificial 
muscles and biomimetic actuators, sensors was proposed. 
[121] 
8 A novel method of manufacturing three 
dimensional ionic polymer metal 
composites (IPMCs) biomimetic sensors, 
actuators and artificial muscles 
Commercially available perfluorinated ion exchange polymer films of proper 
thickness (100-300 μm) permits fast mass transfer in various chemical 
processes. Hence can be used as artificial muscles. 
[107] 
9 Design of high authority flexural actuator 
using an electro-strictive polymer 
In this study, a poly(vinylidine fluoride–trifluoroethylene) polymer based 
actuator faces laminated with internal electrode has been devloped that 
achieves maximum bending response subjected to an electric field. 
[149] 
10 Ionic polymer metal composites: II. 
Manufacturing techniques 
Presents a detailed description of various techniques and experimental 
procedures in manufacturing IPMCs. 
[119] 
11 Electrochemical characterization of 
polymer actuator with large interfacial 
area 
Electrochemical and actuating behaviors were strongly dependent on the 
interfacial area between the polymer electrolyte and electrode. A large surface 
area composite actuator was fabricated using replication method. 
[104] 
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12 Investigations on actuation characteristics 
of IPMC artificial muscle actuator 
Electromechanical response characteristics of IPMC, having potential for 
artificial muscle actuators, were investigated using driving methods.  
[150] 
13 Novel electroactive, silicate 
nanocomposites prepared to be used as 
actuators and artificial muscles 
A newly developed nanocompositing technique was proposed to optimize the 
desirable properties of the base ion exchange polymeric materials used for 
fabrication of EAP actuators and artificial muscles. 
[151] 
14 Low temperature characteristics of ionic 
polymer–metal composite actuators 
This study describes IPMCs actuators as an attractive solution for cold 
operation, because of their actuation capability with relatively low electric 
fields. 
[152] 
15 A novel fabrication of ionic polymer-
metal composites (IPMC) actuator with 
silver nano-powders 
Silver nano-powders applied for the fabrication of IPMC actuator shows good 
adhesion between polymer membrane and the metal electrodes without surface 
roughening, high repeatability, low cost and short processing time. 
[55] 
16 A multi-wall carbon nanotube tower 
electrochemical actuator 
A patterned multiwalled carbon nanotube arrays were synthesized successfully 
and electrochemical actuation was demonstrated. 
[153] 
17 A self-sensing ion conducting polymer 
metal composite (IPMC) actuator 
Development of self sensing IPMC actuator as a position sensor. [154] 
18 Characteristics and performance of ionic 
polymer metal composite actuators based 
on nafion/layered silicate and nafion/ 
silica nanocomposites 
This study shows that the electrical and mechanical properties of the nafion 
polymer may greatly alter by incorporation of a small amount (3-10 wt.%) of 
nanoparticulates such as layered silicate (montmorillonite) or fumed silica. 
These nanocomposites were used for fabrication of IPMCs as polyelectrolytes. 
[155] 
Chapter 1 
40 
 
19 Effects of humidity on the performance 
of ionic polymer metal composite 
actuators: experimental study of the back-
relaxation of actuators 
Study on the effect of water uptake on the displacement, mechanical force, 
velocity and charging profiles of perfluorinated ionomer-platinum/Li+ based 
actuators.  
[156] 
20 An electrode model for ionic polymer 
metal composites 
An IPMC was fabricated by electroless plating of platinum and parametric 
studies were carried out to estimate the electrical properties (resistance and 
capacitance) of the electrode. 
[52] 
21 The cause of nanohole and nano particle 
formation on Au electrode after actuation 
of electro active paper actuator 
Nanoparticles and nanoholes on the surfaces of gold electrode after actuation 
strongly associated with the degradation of the actuator performance. 
[157] 
22 Time resolved mapping of water 
diffusion coefficients in a working soft 
actuator device 
In this study, diffusion weighted imaging was employed to map the 
distribution of the diffusion coefficient of water in bare, water-soaked, Li+ 
exchanged, cast nafion and in an nafion based IPMC actuator.  
[158] 
23 Influence of ordered morphology on the 
anisotropic actuation in uniaxially 
oriented electroactive polymer systems 
A new anisotropic actuation response was yield by perfluorinated polymer 
nanostructure when altered by uniaxial orientation, mimicks the structure of 
biological muscle tissue. IPMCs cut from films oriented perpendicular to the 
draw direction yield tip-displacement response that is higher than those of 
unoriented IPMCs actuator. 
[159] 
24 The role of water in transport of ionic Here in the present study quantifying the delicate interplay between ionic [160] 
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liquids in polymeric artificial muscle 
actuators 
liquid and water absorbed in an ion-exchange polymer membrane as used in 
ionomeric polymer actuators. 
25 Influence of the conductor network 
composites on the electromechanical 
performance of ionic polymer conductor 
network composite actuators 
Investigations regarding the electromechanical performance of the ionic 
polymer conductor network composite actuators influence by the conductor 
network composites (CNCs), manufactured by the direct assembly method 
with ionic liquids as the solvent was presented. 
[161] 
26 A highly porous nafion membrane 
templated from polyoxometalates based 
supramolecule composite for ion 
exchange polymer-metal composite 
actuator 
Developments of a new technique for manufacturing a highly porous hybrid 
SiO2/nafion ionomeric polymer membrane based IPMC actuator, attaining 
significantly high electromechanical performance. 
[162] 
27 Electrically stimulated gradients in water 
and counterion concentrations within 
electroactive polymer actuators 
Applications of applied potential atomic force microscopy, neutron imaging, 
and current sensing atomic force microscopy techniques for investigating 
actuation mechanism of electroactive polymer actuator. 
[163] 
28 Enhanced electromechanical performance 
of graphite oxide-nafion nanocomposite 
actuator 
Graphene oxide/nafion based actuators were tested in terms of conductivity, 
tip displacement, bulk and surface morphology and blocking force. 
[164] 
29 Ionic polymer metal composite material 
as a diaphragm for micropump devices 
Two different IPMC diaphragms was prepared and experimentally tested. The 
stroke volume of each IPMCs diaphragm was examined with different values 
[165] 
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of applied electrical potential. 
30 Electro-chemical operation of ionic 
polymer metal composites 
The potential origin of the relaxation phenomena of IPMC actuator related to 
electro-chemically induced surface reactions with electrodes were discussed. 
[117] 
31 Preparation and performance of IPMC 
actuators with electrospun Nafion®–
MWNT composite electrodes 
A new IPMC actuator was prepared with nafion-117 ionomer membrane and 
electrodes made of an electrospun nafion/multiwalled carbon nanotube web 
were tested. To reduce the surface resistance the composite electrodes were 
coated with gold layers of 2-3 μm thickness. 
[166] 
32 Synthesis and performance evaluation of 
thin film PPy-PVDF multilayer 
electroactive polymer actuators 
A spin coating technique was used to fabricate a porous polyvinylidene 
fluoride thin membrane with a thickness of 32 μm with electrochemically 
deposited polypyrrole layers on both sides to make ultra thin membrane 
polymer actuators. 
[167] 
33 Equivalent circuit modeling of ionomer 
and ionic polymer conductive network 
composite actuators containing ionic 
liquids 
This study described the electrical equivalent circuits that model the complex 
frequency dependent impedance of 1-ethyl-3-methylimidazolium 
trifluoromethanesulfonate containing ionic polymer conductor network 
composite devices and electroactive polymer membranes.  
[168] 
34 High actuation response of PVDF/ PVP/ 
PSSA based ionic polymer metal 
composites actuator 
The tip displacements of polyvinylidene fluoride (PVDF)/polyvinyl 
pyrrolidone (PVP)/polystyrene sulfonic acid (PSSA) based IPMCs actuators 
were measured at low AC and Dc voltages. The results were compared with 
commercially obtain nafion polymer based IPMC actuator. 
[115] 
Chapter 1 
43 
 
35 Enhanced electromechanical response of 
ionic polymer actuators by improving 
mechanical coupling between ions and 
polymer matrix 
Poly[(vinylidene difluoride)-co-(chlorotrifluoroethylene)] (P(VDF−CTFE)) 
and P(VDF−CTFE)/poly(methyl methacrylate) (PMMA) cross-linked blends 
were used as i-EAP actuators with electrolyte ionic liquid 1-ethyl-3-
methylimidazolium trifluoromethane sulfonate [C2mim][TfO] for the first 
time. The results were compared with perfluorinated nafion or aquivion 
ionomers. 
[169] 
36 Enhanced and fast actuation of 
fullerenol/PVDF/PVP/PSSA based ionic 
polymer metal composite actuators 
This study reports the enhanced and fast actuation of the fullerenol 
(Ful)/polyvinylidene fluoride (PVDF)/polyvinyl pyrrolidone 
(PVP)/polystyrene sulfonic acid (PSSA) composite polymer membrane based 
IPMC actuator, at low AC and DC voltages as compare to the 
PVDF/PVP/PSSA membrane based IPMC actuator. 
[170] 
37 Effect of nucleation time on bending 
response of ionic polymer metal 
composite actuators 
An autocatalytic electroless plating of nickel metal as electrode is attempted to 
substitute electroless impregnation reduction technique in IPMC actuators to 
reduce processing time and cost.  
[171] 
38 Electrochemical and electromechanical 
properties of high-performance polymer 
actuators containing vapor grown carbon 
nanofiber and metal oxide 
The effects of ionic liquid and metal oxide on the electromechanical and 
electrochemical properties of poly(vinylidene fluoride-co-
hexafluoropropylene) polymer based actuators were investigated using a metal 
oxide containing a vapour grown carbon nanofiber (VGCF)-IL gel electrode. 
[172] 
39 Ionic polymer metal composite actuators In this paper an IPMC actuators were fabricated based on two types of triple- [173] 
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based on triple layered polyelectrolytes 
composed of individually functionalized 
layers 
layered nafion polymer membranes via consecutive solution recasting and 
electroless plating methods. 
40 Repetitive control of a trilayer conjugated 
polymer actuator 
This study demonstrate a polypyrrole based conducting electroactive polymer 
actuator desired to track repeating commands for position control applications. 
[174] 
41 Durable and water floatable ionic 
polymer actuator with hydrophobic and 
asymmetrically laser scribed reduced 
graphene oxide paper electrodes 
An asymmetrically and hydrophobic laser-scribed reduced graphene oxide 
paper electrodes were employed to developed a highly durable and water 
floatable ionic polymer artificial muscle. 
[175] 
42 Effect of dehydration on the mechanical 
and physicochemical properties of old- 
and palladium -ionomeric polymer metal 
composite (ipmc) actuators. 
This paper describe the dehydration effect on physicochemical and mechanical 
properties of Au  (gold) and Pd (palladium) metal electrode based IPMC using 
water as solvent.  
[176] 
43 Single active finger IPMC microgripper A new design comprising of one stationary and one actuating finger for a 
single active finger IPMC microgripper was proposed. 
[68] 
Non-perfluorinated polymer or composite based IPMC actuators 
44 A tunable dendritic molecular actuator In this study an electroresponsive molecular actuator was devloped based 
upon a diblock copolymer of a negatively charged linear chain and a 
positively charged dendrimer.  
[177] 
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45 Actuator based on MWNT/PVA 
hydrogels 
This study reveals the development of first actuator based on multiwalled 
carbon nanotube (MWNT) hydrogels with poly(vinyl alcohol) through simple 
hydrogelation. 
[178] 
46 Electric field frequency and strength 
effects on Au electrode damage for an 
electroactive paper actuator coated with 
polypyrrole 
The causes of electrode damage to an electroactive paper actuator coated with 
Au and polypyrrole were investigated at various electrical potential 
frequencies and strengths. 
[179] 
47 Polypyrrole actuators with inverse opal 
structures 
Paper polypyrrole (PPy) films synthesized by electrochemical polymerization 
exhibited higher actuation rates than those of the actuators made from flat PPy 
films. 
[180] 
48 A mechanical actuator driven 
electrochemically by artificial molecular 
muscles 
A microcantilever, coated with redox-controllable, bistable rotaxane 
molecules shows reversible deflections by alternating oxidizing and reducing 
electrochemical potentials. One surface of micro-cantilever devices were 
prepared by precoating with a gold film. 
[181] 
49 Polymer actuator based on PVA/PAMPS 
ionic membrane: Optimization of ionic 
transport properties 
In this paper, water soluble poly (vinyl alcohol) and highly ionic conductive 
poly 2-acrylamido-2-methyl-1-propanesulfonic acid (PAMPS) composite was 
blend to synthesized and develop electroactive polymer as artificial muscle. 
[182] 
50 Polypyrrole actuator with a bioadhesive 
surface for accumulating bacteria from 
A gold/polypyrrole based bilayer actuator was prepared by electrochemical 
deposition, with surface modification with a bioadhesive polymer, 
[183] 
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physiological media polydopamine. The actuator exhibited high actuation performances in 
physiological media. 
51 Poly(ethylene oxide)-poly(butadiene) 
interpenetrated networks as electroactive 
polymers for actuators: A molecular 
dynamics study 
Molecular dynamics (MD) techniques have been used to study coordination 
stability and ionic transport in an interpenetrating polymer (IPN) network used 
as electrolyte for actuator devices.  
[184] 
52 Electroactive artificial muscle based on 
crosslinked PVA/SPTES 
Based on a crosslinked ionic networking membrane of sulfonated 
poly(arylenethioethersulfone) copolymer (SPTES) and poly(vinyl alcohol) 
(PVA), a novel biomimetic artificial muscle with electrically driven bending 
deformation was developed. 
[185] 
53 Electric-stimuli-responsive bending 
actuator based on sulfonated 
polyetherimide 
In this study, biocompatible sulfonated polyetherimide (SPEI) membrane 
based bending actuator was fabricated by a solution casting method. It shows 
good electro-chemical properties, IEC, water uptake and proton conductivity 
required for a fast and high bending response of ionic polymer actuator. 
[186] 
54 Electroactive polymer actuators with 
carbon aerogel electrodes 
Carbon aerogel was used for fabrication of nanoporous electrodes for EAP 
actuators. Their electromechanical and electrochemical characteristics were 
compared with actuators based on carbide-derived carbon and activated 
carbon electrodes. 
[187] 
55 High-performance, low-voltage and The coefficient of thermal expansion of the polymer matrix can remarkably [188] 
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easy-operable bending actuator based 
on aligned carbon nanotube/polymer 
composites 
reduce by incorporating super-aligned carbon nanotube sheets into a polymer 
matrix (polydimethylsiloxane). The fabricated actuator was easily operable 
and capable to generate large bending actuation with controllable actuation.  
56 Sulfonated polystyrene-based ionic 
polymer metal composite (IPMC) 
actuator 
A comparative study was carried out between sulfonated polystyrene (sPS) 
and perfluorinated nafion based IPMC. The tip displacement, the current 
density, the response rate and the blocking force were significantly higher for 
the sPS-IPMC than that of the nafion IPMC actuator. 
[189] 
57 Nanoporous carbide-derived carbon 
based actuators modified with gold foil: 
Prospect for fast response and low 
voltage applications 
Carbide-derived nanoporous carbon (CDC) based ionomeric actuators were 
developed in combination with gold foil. The gold-foil modified actuators 
required remarkably low operating voltage and exhibited high frequency 
response.  
[190] 
58 Novel sulfonated styrenic pentablock 
copolymer/silicate nanocomposite 
membranes with controlled ion channels 
and their IPMC transducers 
A novel electrically driven IPMC actuator has been design and fabricated by 
ionic thermoplastic elastomer, poly((t-butyl-styrene)-b-(ethylene-r propylene)-
b-(styrene-rstyrene sulfonate)-b-(ethylene-r-propylene)-b-(t-butyl-styrene)) 
(tBS-EP-SS-EP-tBS; SSPB) pentablock copolymer and its nanocomposites 
with sulfonated montmorillonite (s-MMT).  
[191] 
59 Electric-field-actuation of in situ 
composites that contain silver-coated 
carbon fibers in sodium sulfonate 
An electric-field-stimulated actuation system was developed by impregnating 
sodium-sulfonated ionomers, poly(styrene-co-butyl acrylate-co sodium allyl 
sulfonate, PSBS) with in-situ deposited silver-modified carbon fibers (SCCF). 
[192] 
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ionomers 
60 Imidazolium sulfonate containing 
pentablock copolymer ionic liquid 
membranes for electroactive actuators 
Thermally stable electroactive actuators have been fabricated by imidazolium 
sulfonate containing pentablock copolymer ionic liquid composite. The 
fabricated actuator exhibit effective actuation response under a low potential 
[193] 
61 Comparative displacement study of 
bilayer actuators comprising of 
conducting polymers, fabricated from 
polypyrrole, poly(3,4 ethylene 
dioxythiophene) or poly(3,4-propylene 
dioxythiophene) 
A report on comparative study of the displacement of bilayer actuators 
manufactured using different conducting polymers was presented. 
[194] 
62 Enhancement of actuation ability of 
ionic-type conducting polymer actuators 
using metal ion implantation 
The effect of gold-ion implantation on the actuation performance of ionic type 
conducting polymer actuators has been examined. 
[195] 
63 Fabrication of ionic polymer actuator 
with graphene nanocomposite electrodes 
and its characterization 
The polystyrene based ionic polymer actuator was fabricated by conventional 
solvent mixing using graphene nanocomposite (GN) as its electrodes.  
[196] 
64 Novel sulfonated polysulfone ion 
exchange membranes for ionic polymer 
metal composite actuators 
A series of sulfonated polysulfone (SPSU) membranes with different degrees 
of sulfonation were prepared for fabricating cost effective and high 
performance IPMC actuators. 
[197] 
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65 Kraton based ionic polymer metal 
composite (IPMC) actuator 
The tip displacement, proton conductivity, current density, water uptake and 
ion-exchange capacity of kraton non-perfluorinated IPMCs were examined 
and compared with nafion based IPMCs membranes. 
[34] 
66 Ionic polymer actuator based on anion 
conducting methylated ether linked 
polybenzimidazole 
A new type of ionic polymer actuator based on anion conducting methylated 
poly[(1-(4,4-diphenylether)-5-oxybenzimidazole)-benzimidazole] (PBI–OO) 
membranes and a carbon composite electrode material was successfully 
developed.  
[118] 
67 Low-voltage and high-performance 
electrothermal actuator based on multi 
walled carbon nanotube/  polymer 
composites 
Environment friendly electrothermal bimetallic actuators was fabricated by 
multi-walled carbon nanotubes with the matrix of waterborne polyurethane or 
silicone rubber. 
[198] 
68 Development of sulfonated poly(vinyl 
alcohol)/polpyrrole based ionic polymer 
metal composite (IPMC) actuator and its 
characterization 
A novel sulfonated poly(vinyl alcohol)/polypyrrole polymer membrane 
sandwiched between platinum (SPVA-Py-Pt) was fabricated for a bending 
actuator which can be used in microrobotic applications. 
[70] 
69 Study and preparation of highly water 
stable polyacrylonitrile-kraton-graphene 
composite membrane for bending 
actuator toward robotic application 
Polyacrylonitrile-kraton-graphene (PAN-KR-GR) ionomeric polymer 
membrane sandwiched between Pt electrode based IPMC actuator is 
developed. The study opened a route to design and prepare multifunctional 
IPMC membrane for robotic application. 
[49] 
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70 Fabrication of silver nano powder 
embedded kraton polymer actuator and 
its characterization 
A novel silver nano powder (Ag Pw) embedded kraton (KR) ionic polymer 
actuator was fabricated. The KR-AgPw ionic polymer metal composite 
(IPMC) membrane was prepared by a solution casting method. 
[29] 
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2.1 INTRODUCTION 
Ionic polymer metal composites (IPMCs) have been considered as a promising 
candidate for electric stimuli sensitive materials in actuators, bio inspired artificial 
muscles and sensors because of their advantageous properties like easy operation at 
low electric voltage (1-5 V), large dynamic deformation, lighter weight, flexibility 
and precise sensing ability [1-9]. Typically, an IPMC comprises of a neutralized semi 
permeable ion exchange polymer membrane coated with metal Pt or Au as electrode 
at both sides and water as inner medium for the dissociation for metal cations. When 
an electric field is applied the metal cations move towards the negative electrode 
along with water molecules. Therefore, the polymer membrane swells near the 
cathode which causes a strain near the cation rich region in IPMC membrane, 
resulting in bending motion in the film towards the anode [10]. Under dry conditions 
the cross-linked cations are not free to move. However, in wet condition (on hydra-
tion) cations are surrounded by water molecules to make the whole film mobile. Thus, 
transduction in the IPMCs film is because of the movement of cations with the water 
molecules [11]. Typically, perfluorinated polymers with the trade name of nafion are 
being used as actuators and dynamic sensors because of its useful properties like high 
proton exchange capacity, thermal, mechanical and chemical stabilities [12-23]. 
However, its high cost as well as high evaporation of water molecules under applied 
voltage limits its further application. Therefore, researchers are working towards 
developing low cost non-perfluorinated polymers having high water holding capacity 
even at high temperatures, to replace the commercial nafion membranes [19,24-27]. 
In this chapter, non-perfluorinated kraton polymer based IPMC membranes were 
prepared and characterized for bending actuation. The results were compared with 
that of commercially obtained nafion membrane. 
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2.2 EXPERIMENTAL 
 
2.2.1 Reagents and instruments 
The main reagents used were nafion membrane (0.05 mm thick, NRE-212) 
(Sigma Aldrich), tetraamineplatinum(II) chloride monohydrate [Pt(NH3)4Cl2·H2O 
(crystalline)] (Alfa Aesar, USA) and a non-perfluorinated kraton [penta block 
copolymer poly((t-butyl-styrene)-b-(ethylene-r-propylene)-b-(styrene-r-styrene 
sufonate)-b-(ethylene-r-propylene)-b-(t-butyl-styrene) (tBS-EP-SS-EP-tBS))] 
(MD9200) (Nexar Polymer, USA), sodium borohydride (NaBH4) and hydrochloric 
acid (HCl) (35%) (Thomas Baker Pvt. Ltd., India) and ammonium hydroxide 
(NH4OH) (25%) (Merk Specialties Pvt. Ltd., India) as received without any 
purification. A digital ultrasonic cleaner (LMUC series, LABMAN Scientific 
Instruments), hot air oven (Biogen, India), digital balance (MAB 220, Wensar, India), 
magnetic stirrer (LMMS-1L4P, LABMAN Scientific Instruments) and 
potentiostat/galvanostat (302N Autolab, Switzerland) were used.  
 
2.2.2 Preparation of the reagent solutions 
An aqueous solution of tetraamineplatinum(II) chloride monohydrate (0.04 
M), NH4OH (5.0%) and NaBH4 (5.0%) were prepared using demineralised water 
(DMW). 
 
2.2.3 Membrane preparation 
An ionic polymer metal composite (IPMC) film of kraton polymer was 
prepared by casting 5 mL of kraton polymer in a petri dish (50 mm × 17 mm) with the 
help of a pipette. After casting the polymer solution, the petri dish was covered with 
Whatman filter paper (No. 1) for slow evaporation of the solvents at room 
temperature (25±3 ºC) for 5 h. However, evaporating the solvent in a 
thermostated oven at and above 30 ºC solidifies kraton membrane with visible 
surface cracks. After drying, the membrane was removed from the Petri dish 
with the help of a fore ship and spatula. The membrane was stored in a 
desiccator to carry out further studies. 
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2.2.4 Water uptake 
To find out the water uptake capacity of nafion and kraton polymer films were 
kept in demineralized water (DMW). A series of experiments for water uptake at 
different time duration and temperatures were performed. The experiments were 
performed at room temperature (25±3), 45 and 65 ºC for different interval of times 4, 
6, 8, 20 and 24 h. The water uptake capacity (W) of the polymer membrane was 
calculated by the following formula- 
 
( )
100wet dry
dry
W W
W
W
−
= × ...............................................................................................(1) 
where Wdry is the weight of dry membrane and Wwet is the weight of water absorbed 
membrane. 
 
2.2.5 Ion-exchange capacity 
The kraton and nafion polymer membranes were converted into H+ form by 
placing in 1.0 M HNO3 for 24 h followed by neutralization with DMW and dried at 
45 ºC. A 0.25 g of polymer membrane was cut into small pieces and packed into a 
glass column. The acidic form of the polymer membrane was converted into Na+ form 
by passing 1 M sodium nitrate (NaNO3) through the column to elute the H+ keeping a 
slow flow rate (∼0.5 mL min−1). The effluent was titrated against 0.1 M NaOH 
solution using phenolphthalein indicator. The ion-exchange capacity (IEC) of polymer 
film in meq g−1 of dry film was obtained using following formula. 
 
Volumeof NaOH consumed Molarity of NaOHIon exchange capacity
Weight of thedry membrane
×
= .............(2) 
 
2.2.6 Electroless plating 
The fabrication of kraton and nafion polymer membranes based IPMC 
actuator was started with surface roughening of membranes on both sides which was 
carried out by using mild sandpaper and followed by cleaning ultrasonically for 30 
min. i.e., electroless plating method described in the literature [28,29]. After cleaning, 
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the membranes were treated with an aqueous solution of 2.0 N HCl in hot air oven at 
45 ºC followed by washing with DMW for 1 h. The membranes were treated with 4.5 
mL of aqueous solution of 0.04 M tetraammineplatinum(II) chloride monohydrate and 
0.1 ml of 5.0% aqueous solution of NH4OH, with constant stirring up to 5 h at room 
temperature. After the exchange of protons of membranes with platinum ions, the 
membranes were stirrer in distilled water for 15 min. to remove excess platinum 
absorbed at the surface of the membranes and then transferred to another flask. A 0.5 
mL of 5% aqueous solution of NaBH4 was added after every 30 min. for reduction of 
platinum ions into Pt metals. Further, 5 mL of NaBH4 solution was added followed by 
stirring for 1 h at room temperature. The membranes were washed with distilled water 
for termination of reduction reaction. Finally, membranes were converted into acidic 
form by placing membranes in 0.1 M HCl solutions at room temperature up to 1.5 h. 
 
2.2.7 Proton conductivity 
The proton exchange capacity of IPMC membrane is one of the most 
important features to achieve bending which occurs because of forming hydronium 
ions by the existing protons at the IPMC membrane in hydrated state. The bending 
movement of IPMC membrane is because of movement of hydrated cations towards 
the cathode as shown in Figure 2.1.The proton conductivity of hydrated IPMC film 
(1×3 cm2) was determined by an impedance analyzer (FRA32M.X), connected with 
Autolab 302N modular potentiostat/galvanostat used over a frequency of 100 kHz and 
an ac perturbation of 10 mV was applied to the cell. Before performing the 
experiment, the membrane was immersed in DMW for 12 h. The whole experiment 
was performed at room temperature (25±3 ºC) and the proton conductivity (σ) was 
calculated using equation as follows: 
 
L
R A
σ =
×
..............................................................................................................................(3) 
 
where σ is proton conductivity (S cm-1), L is the thickness of membrane (cm), 
A is cross-sectional area of polymer membrane (cm2) and R is the resistance 
(Ω) [30]. 
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2.2.8 Water loss 
To determine the water loss of kraton and nafion polymer IPMCs, membranes 
were first immersed in DMW for 6 h at 45 °C in order to absorb water completely 
before performing the water loss experiment. After being picked up from water, the 
weight of the water soaked IPMC membranes were calculated and an electric 
potential was applied in order to determine water loss. Water loss of kraton and nafion 
membranes was calculated at 3 V for different interval of time 5, 8, 10 and 12 min. 
 % Water loss = m1 − m2m1 × 100 … … … … … … … … … … … … … … … … … … … … … (4) 
where m1 is the weight of water soaked membrane and m2 is the weight of membrane 
after applied potential. 
 
2.2.9 Electrical properties 
The electrical properties of kraton and nafion based IPMC membranes were 
determine by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) in DMW 
at triangle voltage input of ±3 V and 3 V respectively with a step potential of 100 mV 
s-1. 
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Figure 2.1: Graphical representation of bending mechanism for IPMC membrane 
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2.3 RESULTS AND DISCUSSION  
 
2.3.1 Water uptake 
Type of polymer, solvent, counter ion, immovable ion and solvent uptake are 
the fundamental causes for better performance of IPMC membrane actuator. The 
bending of membrane under an applied electric field is based on migration of solvated 
cations and water molecules towards cathode. The higher the water uptake better will 
be the performance of IPMC membranes. It was observed from Figure 2.2 that the 
water uptake capacity of nafion based IPMC film at room temperature (25±3 ºC) 
increases with the increase of immersion time up to 10 h and after that saturation was 
found predominant. In case of kraton polymer membrane similar results were 
obtained with the water holding capacity 13 times greater than that of nafion 
membrane. The water holding capacity of nafion and kraton membranes at 45 ºC and 
10 h of immersion was found to be 16.20 and 242% respectively. After increasing the 
temperature up to 65 ºC the water holding capacity of nafion membrane decreases 
significantly. However, the water uptake capacity of kraton film increases at 65 ºC up 
to 20 h of immersion time. The results showed that the kraton polymer membrane 
having higher water uptake capacity than the nafion membrane. This may be because 
of the presence of more active thermally enlarged -SO3H sites at kraton membrane as 
compared to nafion membrane. Because of high water uptake of kraton IPMC 
membrane even at higher temperature, more hydrated cations can move through the 
membrane to actuate the IPMC actuator. 
 
2.3.2 Ion-exchange capacity and proton conductivity studies 
The ion-exchange capacities and proton conductivities of kraton and nafion films 
were found to be 1.9 meq g−1, 17.15 S cm−1 and 0.75 meq g−1, 4.026 S cm−1 respectively 
(Table 2.1). The high ion-exchange capacity and proton conductivity of kraton polymer 
membrane will enable higher water uptake favoring the quick movement of more 
hydrated cations towards cathode creating a pressure towards anode, resulting in larger 
and faster actuation than the nafion film. 
 
2.3.3 Scanning electron microscope study 
The performance and bending behaviour of IPMC is directly related to 
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Figure 2.2: Water uptake of kraton and nafion based IPMCs membranes at room 
temperature ( R. T.), 45 and 65 ºC for a time period of 4, 6, 8, 10, 20 and 24 h 
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Table 2.1: Ion-exchange capacity and proton conductivity of kraton and nafion based 
IPMC membranes 
S. No. Material Ion-exchange capacity  
(meq g-1 of dry membrane) 
Proton conductivity (σ) 
(mS cm-1) 
1 Nafion  0.75 4.026 
2 Kraton 1.9 17.15 
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migration of metal cations and electro-osmosis of inner solution. The morphology of 
IPMC membarne plays an important role in the transport of ion and therefore in the 
conductivity behaviour [31]. Figure 2.3 (a–d) showed the SEM images of the surface 
morphologies of kraton and nafion membranes before and after applying electrical 
voltage of 3 V during bending of the films. Figure 2.3 (a) and (b) showed that a 
smooth Pt electrode surface with well interconnected large domains leaving behind 
negligible space at joints can be seen easily in the SEM micrographs of fresh nafion 
films, while spaces at joints are predominant on kraton membranes because of the 
presence of scattered -SO3H groups. The electrode surfaces of nafion and kraton 
IPMCs membranes after performing the actuation test are damaged to some extent. 
Nafion membrane showed few small interconnected and slightly rough domains with 
some ruptures while notable spaces at joints can be seen in the kraton micrograph 
because of the presence of scattered -SO3H groups Figure 2.3 (c) and (d). SEM 
micrographs shown in Figure 2.4 (a) and (b) depicts the cross-sectional images of the 
fresh kraton and nafion membranes. The Pt particles penetration in the IPMC 
membranes can be easily seen. It was also observed that the denser aggregation of Pt 
particles in kraton membrane leads to the granular damming which provides a good 
protection against water loss. This is because of the fact that the dense aggregation 
hinders in the path of flow of water molecules. 
 
3.3.4 Water loss from polymer membrane 
One of the important reasons for the short lifetime of IPMC film is the water 
loss from membrane and damage of electrode layer. The mechanisms behind loss of 
inner solvent include (a) evaporation of water, (b) leakage from damaged or porous 
surface and (c) electrolysis. Water loss of preweighed kraton and nafion polymer 
membranes were determined by applying an electric voltage of 3 V at different 
interval of time i.e., 5, 8, 10 and 12 min. The results are given in Figure 2.5. The 
results showed that the water loss for nafion and kraton membranes was found to be 
24 and 42% respectively after applying an electric voltage of 3 V for a maximum time 
of 12 min (Figure 2.5). The water loss of kraton membrane is lower than that of 
nafion with respect to the water holding capacity of kraton membrane (308.69%) and 
nafion film (16.20%) (Figure 2.2). The water loss may be because of the water  
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Figure 2.3: SEM micrographs of kraton and nafion polymer membrane based IPMCs 
actuator before actuation (a) kraton, (b) nafion and after actuation (c) kraton, (d) 
nafion respectively  
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Figure 2.4: Cross-sectional SEM micrographs of kraton membrane (a) and nafion 
membrane (b) based IPMCs actuator showing deposition of Pt metal electrode layer 
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Figure 2.5: Water loss from nafion and kraton based IPMC actuator at 3 V electrical 
potential for different time period of 5, 8 and 10 min 
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leakage from damaged surface or electrolysis. 
 
2.3.5 Electrical property 
The electrical properties of IPMC membranes were explored by employing 
potentiostatic cyclic voltammetry. The performance of the Pt electrodes of nafion and 
kraton polymer membranes was confirmed by current-voltage hysteresis curves 
recorded under a triangle ±3 V voltage with 100 mV s-1 scan rate as shown in Figure 
2.6. The movement of the hydrated ions because of the applied electrical voltage, with 
decomposition profile of water due to electrolysis reflects the shape of I-V hysteresis 
curves. It was observed that the slope of the I-V curve for kraton membrane is 
significantly higher than that of the nafion membrane suggesting the fast movement of 
hydrated cations and slow evaporation of water in kraton membrane. The results 
showed that the current density of kraton membrane was significantly higher than that 
of nafion membrane (Figure 2.7). This study proves the better actuation performance 
of kraton membrane. 
 
2.3.6 Bending behaviour 
The actuation performance of kraton and nafion membranes was evaluated by 
measuring the tip displacement under an electric potential of 3 V. The tip movement 
between two adjacent positions was measured horizontally, vertically and diagonally 
based on the curvature generated from the initial position to last point of 
displacement. The results are shown in Figure 2.8. The displacement results showed 
that within ca. 100 s, a displacement of ca. 40 mm was achieved for kraton membrane 
while nafion membrane showed a displacement of ca. 23 mm within ca. 100 s. The tip 
displacement from the original position to the displaced position can be clearly seen 
in Figure 2.8. However, the back relaxation for the both of the membranes was found 
to be slow and is achieved within ca. 200 s for kraton membrane and ca. 320 s for 
nafion film. 
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Figure 2.6: Cyclic voltammetric curves of kraton and nafion polymer IPMC 
membranes at ±3 V triangle triangle voltage with a scan rate of 100 mV s−1 
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Figure 2.7: LSV curves of kraton and nafion polymer membranes based IPMC 
actuator at 3 V with a scan rate of 100 mV s−1 
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Figure 2.8: Displacement images of kraton and nafion IPMC membranes at varying times under 3 V dc 
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2.4 CONCLUSION 
The IPMCs membranes of kraton and nafion polymers were prepared by 
electroless plating method to examine their actuation performance. Both of the 
membranes were characterized for their water holding capacity and it was found that 
the kraton membrane has higher water uptake than that of nafion. Electrical properties 
carried out by the cyclic voltammetry also confirmed the better actuation performance 
of kraton membrane. The tip displacement study also revealed fast actuation of kraton 
membrane. 
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Chapter 3 
Development of Sulfonated 
Poly(vinyl 
alcohol)/Polpyrrole based 
Ionic Polymer Metal 
Composite (IPMC) Actuator 
and its Characterization 
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3.1 INTRODUCTION 
In the past decade, a variety of electroactive polymers have been widely 
studied as they provide substantial deformations in response to electric voltage signal 
[1-4]. Among the electroactive polymers (EAPs), dielectric elastomers, conducting 
polymers, ionic gels, carbon nanotubes based actuators, ionic polymer metal 
composites (IPMCs) actuators are considered attractive to the researchers because 
they are driven electrically at low voltage [5-8]. IPMC is one of most flexible and 
compliant smart materials because it exhibits large strain where the induced force is 
generated by providing electrical stimulation and the stiffness of material is controlled 
through a voltage which provides a dexterous behavior of IPMC [9-14]. In particular, 
IPMCs conjugate their electromechanical coupling capability while working as 
actuator. These actuators can be used in soft robots, micro-grippers and microrobots 
for microrobotic assembly, artificial muscles, aerospace and biomedical applications 
[15-22]. An IPMC is a polymer film sandwiched between platinum (Pt), silver (Ag) or 
gold (Au) electrodes, developed by electroless or chemical plating. Under an applied 
electric voltage, cations in the IPMC membrane along with water molecules move 
towards the cathode leading to bending displacement towards the anode [23-26]. The 
movable cations present in the IPMC membrane is not free to move in the dry state of 
the membrane. Thus, the deformation in the IPMC membrane is because of the 
movement of cations with the water molecules [27]. Various perfluorinated polymer-
based ionomers are commercially available for IPMC actuator applications because of 
their good chemical and physical properties [28-32]. However, loss of inner solvent at 
temperatures higher than 80 °C, drop in proton conductivity, as well as membrane 
dehydration and the high cost are major drawbacks of perfluorinated polymers. 
Therefore, to substitute the perfluorinated ionic polymers with non-perfluorinated 
ionic polymers that hold onto an excessive amount of water (H2O) in a broad 
temperature range and are also cheap to synthesize are particularly attractive [33]. 
Over the last decade, scientists and engineers have been working together to modify 
conventional ionic polymeric materials as an alternative to the perfluorinated ionic 
polymers as bending actuators. Several types of sulfonated and carboxylated ionic 
polymers such as sulfonated styrene (s-Sty) [34-38], sulfonated poly(vinyl alcohol) (s-
PVA) [39,40], sulfonated poly(arylene ether sulfone) (s-PAES) [41], sulfonated 
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polyetherimides (s-PEI) [42-44] and sulfonated polyimides (s-PI) based ionomeric 
polymers [45], have been investigated to prepare IPMC actuators. These IPMCs were 
characterized for their bending deformation, thermal stability and tip displacement. 
However, back relaxation was the foremost drawback of ionic polymer metal 
composite actuators that limits the bending movement and effective frequency range 
[46-48]. Furthermore, rapid water loss from IPMC membranes upon applied electric 
potential causes fast performance decay, back relaxation behavior and long processing 
times [49], which are the major problems of IPMC actuators. To overcome these 
problems, a non-perfluorinated sulfonated poly(vinyl alcohol) and polypyrrole 
(SPVA-Py) based IPMC membrane with Pt electrode (SPVA-Py-Pt), using an 
electroless plating method is proposed in this chapter. The actuation principle of this 
actuator is similar to the nafion based IPMC actuator because the property of non-
perfluorinated sulfonated poly(vinyl alcohol) and polypyrrole is similar to nafion. The 
ionomeric membrane should possess fixed cationic groups such as –SO32−, −PO42− 
etc. Nafion is a perfluorinated sulfonated polymer while poly(vinyl alcohol) is a non-
perfluorinated, sulfonated polymer. Non-perfluorinated polymers have various 
advantages such as good film forming capability, short processing time, low cost of 
fabrication, good flexibility, high thermo-mechanical stabilities and easy modification 
of chemical properties such as ion exchange and water holding capacities, and proton 
conductivity. The coating of the conducting polymer over a conventional ionic 
polymer metal composite actuator may enhance the actuator performance by 
preventing the formation of ‘mud cracks’ [26]. In this study, the same principal of 
using polypyrrole coating over a non-perfluorinated organic polymer was applied. 
The use of the non-perfluorinated polymer as an ionomeric membrane has significant 
advantages over the perfluorinated one. The major studies were the:  
a) Design and development of a novel SPVA-Py IPMC membrane with a Pt 
electrode (SPVA-Py-Pt) using an electroless plating method based micro-
gripping system. 
b) Characterization of an SPVA-Py-Pt ionic actuator and demonstration for 
micro-gripping system.  
Both of these contributions lead to a new era of IPMC actuator using SPVA-
Py-Pt which has large deflection capability for developing the microrobotic system. 
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The proposed IPMC has remarkably large flexibility in comparison to other smart 
materials e.g. piezoelectric, EAPs and shape memory alloys [1-4]. Other important 
advantages of proposed IPMC includes the small operating voltage (0-5.25 V), light 
in weight, use in different sizes and shapes and need of simple controller for the 
development of microrobots. 
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3.2 EXPERIMENTAL 
 
3.2.1 Reagents and instruments  
The main reagents used for fabrication of IPMC membrane were poly(vinyl 
alcohol) (cold), ferric chloride, hydrochloric acid (HCl) (35%) (Central Drug House 
Pvt. Ltd., India), 4-sulfophthalic acid (50 wt% solution in water) (Sigma-Aldrich 
Chemie Pvt. Ltd. USA), ammonium hydroxide (25%) and toluene (Merck Specialties 
Pvt Ltd., India), tetraamineplatinum(II) chloride monohydrate [Pt(NH3)4Cl2.H2O 
(crystalline)] (Alfa Aesar, USA), pyrrole (Spectrochem Pvt. Ltd. India), sodium 
borohydride (NaBH4) (Thomas Baker Pvt. Ltd. India) were used. All other reagents 
and chemicals were of analytical reagent grade. A digital ultrasonic cleaner (LMUC 
series), magnetic stirrer (LMMS-1L4P), hot air oven (Biogen, India), digital balance 
(MAB 220, Wensar, India) and potentiostat/galvanostat (302N Autolab, Switzerland) 
were used.  
 
3.2.2 Preparation of the reagent solutions 
The solutions of ferric chloride (0.1 M) and pyrrole (33.33% v/v) were 
prepared in HCl (1M) and toluene respectively. An aqueous solution of 
tetraamineplatinum(II) chloride monohydrate (0.04 M), NH4OH (5.0%) and NaBH4 
(5.0%) were prepared using demineralised water (DMW). 
 
3.2.3 Fabrication of membrane 
An aqueous solution of poly(vinyl alcohol) (PVA) was prepared by dissolving 
PVA (4 g) in demineralised water (100 mL) and stirring at 60 °C for 6 h. The solution 
was filtered and to the filtrate, 4 mL of 4-sulfophthalic acid was added for sulfonation, 
followed by constant stirring for 15 h at 60 °C. Then the homogeneous solution of 
sulfonated poly(vinyl alcohol) (SPVA) polymer was cast into Petri dishes (50 mm × 
17 mm), covered by using Whatman filter papers and left for slow evaporation of the 
solvent at 45 °C in a thermostat oven. The dried film was removed from the petri dish. 
In-situ polymerization of the pyrrole monomer was carried out by adding FeCl3 and 
pyrrole monomer solutions in a 1:1 ratio into the SPVA membrane by putting it in a 
beaker with constant stirring for up to 30 min. Gradually a black layer is deposited 
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over the SPVA membrane. The in-situ polymerized membrane was kept for 5 h at 
room temperature (25±3 °C) for digestion. After 24 h, the in-situ polymerized 
membrane was rinsed with DMW followed by drying at room temperature (25 ± 3 
°C). Finally, the SPVA-Py-Pt ionic actuator was kept in distilled water at normal 
room temperature for analysis purposes. Figure 3.1 shows the graphical 
representation of an IPMC membrane sandwiched between Pt electrodes and its 
bending behavior upon an applied electric potential. 
 
3.2.4 Water uptake or water holding capacity 
The water holding capacity of the SPVA-Py polymer membrane was 
determined at room temperature as well as at an elevated temperature 45 °C for 
different durations (2, 4, 6, 8, 10 and 20 h), as described in Chapter 2, Section 2.2.4. 
 
3.2.5 Ion-exchange capacity 
 Ion-exchange capacity (IEC) of SPVA-Py-Pt membrane based IPMC actuator 
was determined by titration method as described in Chapter 2, Section 2.2.5. 
 
3.2.6 Electroless plating 
Electroless plating technique was used to platinise Pt metal on both the surface 
of SPVA-Py polymer membrane as described in Chapter 2, Section 2.2.6. 
 
3.2.7 Proton conductivity 
Proton conductivity of the SPVA-Py-Pt membrane was determined as 
described in Chapter 2, Section 2.2.7. 
 
3.2.8 Water loss 
Water loss of SPVA-Py-Pt IPMC membrane was determined as described in 
Chapter 2, Section 2.2.8. 
 
3.2.9 Fourier transform infra-red study 
The Fourier transform infra-red (FTIR) spectrum of the SPVA-Py-Pt IPMC 
membrane in the range of 4000-500 cm-1 was recorded using FTIR spectrometer  
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Figure 3.1: Graphical representation for the fabrication and bending of an IPMC 
membrane 
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(Spectrum-Two, Perkin-Elmer, USA). 
  
3.2.10 Scanning electron microscopy study 
Scanning electron microscopic (SEM) images of SPVA-Py-Pt IPMC 
membranes were taken by scanning electron microscope (JEOL, JSM, 6510-LV, 
Japan) at an accelerating voltage of 20 kV. 
 
3.2.11 Electrical properties 
The electrical properties of SPVA-Py-Pt IPMC membrane was determine by 
cyclic voltammetry (CV) and linear sweep voltammetry (LSV) (Autolab 302N 
modular potentiostate/galvanostate) in DMW at triangle voltage input of ±6 V and 3 
V with a step potential of 50 mV s-1 respectively. 
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3.3 RESULTS AND DISCUSSION 
 
3.3.1 Chemical Properties 
 
3.3.1.1 Water uptake or water holding capacity 
The bending behavior of IPMC membranes under an applied potential is due 
to the movement of cations along with water moiety towards the cathode. The 
performance of IPMC actuators is supposed to depend upon factors such as the nature 
of polymers, replaceable/counter ions, immovable ions and solvent holding capacity. 
The higher water uptake gives better performance. The maximum water holding 
capacities of SPVA-Py-Pt membranes at 45 °C for 6 h of immersion time and at room 
temperature (25 ± 3 °C) for 8 h of immersion time were found to be 80 and 82.23% 
respectively (Figure 3.2) and after a certain time interval the water holding capacity 
decreases due to saturation of the available sites for water uptake. The water uptake is 
time dependent. At equilibrium, the water uptake would be maximum and after 
equilibrium it would decrease. It was due to the kinematic chemistry of the material. 
After that saturation was found to be predominant. The high water uptake capacity 
due to the presence of –SO32− groups at the SPVS-Py-Pt membrane was responsible 
for better bending performance. 
 
3.3.1.2 Ion-exchange capacity and proton conductivity 
 The ion-exchange capacity (IEC) and proton conductivity of the membranes 
were found to be 1.20 meq g−1 and 1.6 × 10−3 S cm−1 respectively as shown in Table 
3.1. The high proton conductivity of the SPVA-Py-Pt membrane enables the better 
performance of the polymer membrane by the transfer of more protons through the 
membrane. The high IEC value of the SPVA-Py-Pt membrane allows a higher level of 
water uptake and also allows more Pt particles to be deeply rooted on both surfaces of 
the IPMC membrane. The higher the Pt particles density on the surface, the lower the 
resistance and hence a fast and large bending performance is achieved [50-53]. However, 
the higher water uptake is not necessarily responsible for high proton conductivity [54]. 
The high proton conductivity of the IPMC membrane indicates that  more hydrated 
cations can move quickly toward the cathode side, showing a large displacement and fast 
actuation [52].  
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Figure 3.2: % Water uptake of SPVA-Py ionic polymer membrane at room 
temperature (R. T.) and 45 ºC 
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Table 3.1: The IEC and proton conductivity of the SPVA-Py-Pt IPMC membrane 
Material Ion-exchange capacity 
 (meq g-1 of dry membrane) 
Proton conductivity (σ)  
(mS cm-1) 
SPVA-Py-Pt 1.2 1.6 
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3.3.1.3 Scanning electron microscopy study 
SEM micrographs of an SPVA-Py-Pt membrane before and after actuation at 
different magnifications are shown in Figures 3.3 (a-d). The smooth surface of the 
SPVA-Py-Pt membrane (Figures 3.3 (a), (c)) changes into a slightly rough surface 
with a few visible cracks upon applied electric voltage (Figures 3.3 (b), (d)). Thus, 
there is very little change in the surface morphology of the SPVA-Py-Pt membrane 
after application of electric potential. Therefore, it was assumed that the leakage of 
water from the fractured electrode layer responsible for the short life time of the 
SPVA-Py-Pt IPMC membrane actuator would be negligible. Hence, electrolysis and 
natural water evaporation were major factors involved in the water loss from the 
IPMC membrane. The cross-sectional image of SPVA-Py-Pt membrane was also 
taken as shown in Figure 3.3 (e) where the Pt electrode layer on the surface of the 
IPMC membrane can be clearly seen. The microscale mud cracks/damages observed 
on the overall electrode surface decreases the performance of the actuator because 
water molecules evaporate and metallic cations can leak out through the cracked 
metallic electrodes, resulting in a reduced actuation performance for long term 
actuation. 
 
3.3.1.4 FTIR Study 
Figure 3.4 shows the FTIR spectrum of the SPVA-Py-Pt IPMC membrane 
indicating the presence of functional groups of −SO3H, PVA and polypyrrole. The 
bands at 3400 cm−1, 1000 and 1150 cm−1 are assigned to the stretching vibrations of 
hydroxyl group (−OH) and C−O stretching respectively [55]. Further a characteristic 
C=O band appears at 1757 cm−1. The bands around 1030 and 1140 cm−1 are attributed 
towards bending vibrations and band around 1270 cm−1 is assigned to C−N stretching 
of polypyrrole. Another band at 871 cm−1 is assigned to =C−H in-plane vibration [56, 
57]. The bands around 1500 and 1460 cm−1 are assigned to C=C and C−C stretching 
vibrations respectively. 
 
3.3.1.5 Water loss 
The main factors for the small life of ionic polymer metal composite membrane 
actuators are damage of the electrode layer and loss of water [27, 39]. The water loss  
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from the IPMC membranes were determined by weighing the pre-weighed 
membranes after applying 3, 4 and 5 V electric potential for different intervals of time 
(4, 8 and 12 min.) as shown in Figure 3.5. It was observed that water loss from the 
IPMC membrane increases with the applied voltage accordingly. The micro structures 
before and after applying the voltage are shown in Figure 3.6. The maximum water 
loss for an SPVA-Py-Pt membrane was found to be 31% at 5 V for a maximum time 
of 16 min. The slow water loss from an SPVA-Py-Pt IPMC membrane shows the 
better performance. 
 
3.3.2 Electrical properties 
  The electrical property of the proposed ionic polymer metal composite 
membrane was determined by cyclic voltammetry. A current-voltage (I−V) hysteresis 
curve was recorded under an applied triangle voltage of ±6 V with a scan rate of 100 
mV s−1 (Figure 3.7). It was observed from the I-V curve that the current density of the 
ionic polymer metal composite membrane actuator was considerably increased with 
the applied voltage. The higher proton conductivity and smoothness of the electrode 
surface were significant parameters for higher current density of IPMC membrane. 
The observed current density of the SPVA-Py-Pt ionic polymer metal composite 
membrane was significantly higher than nafion, kraton and sulfonated polystyrene 
based IPMC membrane actuators [33,34]. In order to improve the quality of actuation 
with the required current rating, electrical resistance is one of the most important 
parameters. For achieving the required electrical characteristics of the power supply, 
an electrical circuit was developed as shown in Figure 3.8. By using the appropriate 
current rating (50-300 mA), the considerable change in the curvature of the actuator 
was observed. This provides the large deflection without any damage of the IPMC 
structure. The electrical resistance of the electrode was 128 Ω. The higher the current 
density, higher will be the bending deformation under an applied electric potential. It was 
also observed (Figure 3.9) that the current density of the membrane sharply increases at 
1.5 V from 1 to 5.5 mA cm−2. This shows better performance for this particular type of 
IPMC membrane. 
 
3.3.3 Electromechanical characteristics  
The deflection with voltage of the SPVA-Py-Pt membrane actuator was 
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Figure 3.3: SEM micrographs of SPVA-Py-Pt membrane (a, c) before actuation, (b, 
d) after actuation and (e) cross sectional image showing Pt plating 
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Figure 3.4: FTIR spectrum of SPVA-Py-Pt IPMC membrane 
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Figure 3.5: % Water loss of SPVA-Py-Pt IPMC membrane 
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Figure 3.6: Microstructure behavior of SPVA-Py-Pt IPMC membranes 
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Figure 3.7: Current-voltage (I-V) hysteresis curve of SPVA-Py-Pt IPMC membrane 
at ±6 V with a scan rate of 100 mV sec-1 
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Figure 3.8: Electrical circuit for improving the I-V performance 
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Figure 3.9: Linear sweep voltammetry (LSV) of SPVA-Py-Pt membrane at 3 V with 
a scan rate of 100 mV sec-1  
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measured by using the experimental testing setup as shown in Figure 3.10 where the 
membrane actuator was fixed in a holder as a cantilever configuration. The voltage 
between 0-5.25 V dc was applied to the membrane actuator through a computer 
controlled digital analog card (DAC) and microcontroller with a proportional-
derivative (PD) control algorithm. The desired current (50-200 mA) to the membrane 
actuator was provided by using a custom made amplifier circuit. Both surfaces of the 
SPVA-Py-Pt strip were connected to an amplifier circuit through wires and copper 
tapes. An electrical signal was provided by a microcontroller and was given by an 
input command. When the voltage was applied through DAC to IPMC, the current 
rating was supplied to the IPMC (20 mA) from the DAC. This is the limitation of the 
DAC card as the IPMC needs more than 50 mA for proper functioning purposes. Due 
to this reason, an error signal was originated in the system and a feedback device was 
used for correcting the error during sending the voltage signal. The laser displacement 
sensor (Model- OADM 20S4460/S14F, Make: Baumer Electronic, Germany) was 
used as a feedback system for tracking the current tip position of the actuator. After 
applying the voltage through a customized control system, the tip displacement was 
controlled through a PC interface as an input command. Using this sensor as a 
feedback continuously checks the current deflection value and it also provides 
information regarding reaching the desired deflection value. If there is any difference 
between the desired and current deflection values then the error signal is generated 
accordingly. This error is compensated through this feedback system. Thus, this 
feedback system plays a vital role to achieve the exact tip deflection of the IPMC. A 
converter was also used for converting the data from RS-485 to RS-232 protocol. The 
data was collected by Docklight V1.8 software through an RS-232 port in a computer. 
A computer code was written in C programming language where the sampling rate 
(20 samples per second) was set for controlling the IPMC. The IPMC actuator was 
bends on its positive side at the desired voltage as shown in Figure 3.11. By changing 
the polarity, the reverse behavior can be obtained. The experimental data of the 
bending response of IPMC using SPVA-Py-Pt material (size 30 mm length × 10 mm 
width × 0.08 mm thickness) at different voltages (0-5.25V DC) were obtained as 
shown in Figure 3.12. The deflection data was obtained for five times at different 
voltages as given in Table 3.2. For plotting the bending characteristic in terms of 
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Figure 3.10: Schematic diagram for analyzing the bending behavior of IPMC actuator 
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Figure 3.11: Actual test setup for measuring bending behavior of the IPMC actuator 
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Figure 3.12: Bending behavior of IPMC actuator 
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Table 3.2: Experimental data of IPMC deflection with applied voltages 
S.No. Voltage (V)   Deflection reading (mm) 
Deflection 1  Deflection 2 Deflection 3 Deflection 4 Deflection 5  Average deflection value  
1 0 0 0 0 0 0 0 
2 0.75 2.1 1.8 1.9 2.2 2.0 2.0 
3 1.50 4.2 4.0 3.9 3.8 4.1 4.0 
4 2.25 5.5 5.6 5.3 5.5 5.6 5.5 
5 3.0 9.4 9.6 9.5 9.8 9.2 9.5 
6 3.75 12.4 12.5 12.2 12.6 12.8 12.5 
7 4.5 16.1 15.9 16.1 15.8 16.1 16.0 
8 5.25 18.4 18.6 18.5 18.2 18.8 18.5 
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deflection with voltage, the average of five values at the same voltage were taken and 
plotted in Figure 3.13. When voltage was reduced from high to low the IPMC did not 
follow the same path to return to its original position (Figure 3.13). It was observed 
that the IPMC has a deflection error of 0.4 mm. A PD control system was applied for 
minimizing the deflection error in which the bandwidth was controlled through a 
frequency. When the frequency in the controller was increased, the actuation time of 
the IPMC decreases and stability also decreases. For achieving the fast response of the 
IPMC, the frequency was adjusted by proper tuning of gains in the PD controller 
which provides balance of the response time and stability. 
 
3.3.4 Mechanical properties 
For measuring the force behavior of an SPVA-Py-Pt based ionic actuator, the 
IPMC membrane was placed in a holding fixture as shown in Figure 3.14. A high 
accuracy load cell (Citizon CX-220, weighing capability 0.0001-220 g) was used for 
measuring the load of IPMC. Voltage was also measured using a multi-meter while 
the IPMC membrane was in use. The experimental data were observed as shown in 
Table 3.3. The standard deviation (SD) was calculated for five different force values 
(F1, F2, F3, F4 and F5) corresponding to the voltage range (0-5.25 V). Out of the five 
force values, a mean value was calculated and used to calculate the standard deviation 
(SD). The standard deviation was obtained as 0.673. The normal distribution function for 
an SPVA-Py-Pt based ionic actuator is shown in Figure 3.15. By using the normal 
distribution function, the repeatability of the SPVA-Py-Pt based ionic actuator was found 
to be 97.2% and it can be used for the development of microrobot. The comparison of 
different properties with different kind of IPMCs are summarised in Table 3.4. It shows 
that the properties of the SPVA-Py-Pt based IPMC is much better than other types of 
IPMC like Nafion, Kraton based IPMCs, etc. 
 
3.3.5 Design and development of an SPVA-Py-Pt IPMC actuator based micro-
gripping system 
After characterization of an SPVA-Py-Pt based ionic actuator, a compliant 
multigripping system along with a dedicated control system using an SPVA-Py-Pt 
based ionic actuator was developed. In order to develop the micro-gripping system 
using an SPVA-Py-Pt actuator, a multi-finger based micro-gripping system was 
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Figure 3.13: Bending behavior of the SPVA-Py-Pt membrane based IPMC actuator 
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Figure 3.14: Testing setup for tip force response of an SPVA-Py-Pt based ionic 
actuator 
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Table 3.3: Experimental force data of IPMC deflection with applied voltage 
S. No. Voltage (V) Force values (mN) 
F1 F2 F3 F4 F5 Average force value (F) 
1 0.75 0.088 0.011 0.108 0.078 0.098 0.076 
2 1.5 0.206 0.186 0.177 0.216 0.196 0.196 
3 2.25 0.383 0.412 0.373 0.392 0.402 0.392 
4 3.0 0.755 0.785 0.765 0.804 0.814 0.784 
5 3.75 0.863 0.883 0.873 0.893 0.903 0.883 
6 4.5 1.452 1.472 1.462 1.481 1.491 1.471 
7 5.25 1.844 1.864 1.854 1.874 1.884 1.864 
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Figure 3.15: Normal distribution function for the SPVA-Py-Pt based ionic actuator 
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Table 3.4: Comparison of the SPVA-Py-Pt based IPMC with the other types of IPMC membrane actuators 
 
S. No. 
 
Properties 
Types of IPMC 
SPVA-Py-Pt based 
IPMC 
Nafion based IPMC 
[28] 
Kraton based IPMC 
actuator [33] 
Sulfonated 
polyetherimide [42] 
1 Dimension (mm) 
(length × width × thickness) 
30×10×0.08  30×6.0×0.2  30×10×0.2  30×5×0.198  
2 Water uptake  
(%) 
82.30 16.70 309.69 26.40 
3 Tip displacement  
(mm) 
18.5  12  40  2.7  
4 Ion-exchange capacity 
(meq g−1) 
1.2  0.98  1.9  0.553  
5 Proton conductivity 
(S cm-1) 
1.6×10-3  9.0×10-3   17.15  1.4 ×10-3  
6 Current density 
(mA cm-2) 
5.50  0.03  0.05  
 
5×10-4  
 
 
 
 
Chapter 3 
111 
 
 
designed as shown in Figure 3.16. In the multi-finger based micro-gripping system, 
the fingers were constructed using an SPVA-Py-Pt actuator. This actuator was 
developed by using electroless plating method, where sulfonated poly(vinyl 
alcohol)/polpyrrole was the base material. A coating of Pt was provided over the 
sulfonated poly(vinyl alcohol)/polpyrrole. All three SPVA-Py-Pt actuator based 
fingers were integrated in a wrist. This wrist was clamped with a holder. For 
activating the SPVA-Py-Pt actuator based fingers, a voltage (0-5.25 V DC) was 
provided through a proportional-derivative (PD) controller. When the voltage was 
supplied through the controller, all fingers bend simultaneously and grip the object. 
Afterward, when voltage was released the fingers move in a reverse manner and drop 
the object. According to literature [14-17], the length of IPMC used was 
approximately 10−40 mm in the development of a micro-gripper for handling of 
miniature parts. They can handle objects of weights around 50-100 mg. These micro-
grippers show the potential of the large displacement with flexible behavior and small 
force generation capability during manipulation of light weight objects. For 
attempting handling capability by this IPMC micro-gripper, an IPMC of similar size 
was used. The maximum bending displacement of an IPMC strip was found to be 18.5 
mm with load carrying capability of 1.9 mN. The large displacement with flexible 
behavior and small force generation capabilities are suitable for handling miniature 
parts. Therefore, this gripper is called a micro-gripper. The detail design of gripper is 
shown in Figure 3.17. Three IPMCs were integrated with a circular aluminium base. 
These IPMCs were connected though a copper (Cu) tape and wires for the gripping 
operation. For demonstration purpose, this gripper was integrated with the stand in 
order to handle the object. This gripper can handle a circular light weight object like 
thermocal, spongy poly plastic material, etc. The details about the size of each IPMC 
and handling of the object are given in Table 3.5. After that, the mimicking of fingers 
was done through electrical actuation instead of a conventional motor. Each finger 
can be actuated individually for dexterous handling which allows precise end-effector 
positioning. To achieve the precise positioning during handling of the object, the 
displacement sensors were also placed in front of SPVA-Py-Pt based IPMC fingers so 
that the light weight object can be gripped properly. By developing this multi micro-
gripping system, the handling capability using SPVA-Py-Pt based ionic actuators was 
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Figure 3.16: CAD model of an SPVA-Py-Pt based IPMC actuator based micro-gripping system 
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Figure 3.17: Detailed dimensions of IPMC based micro-gripper 
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Table 3.5: Detailed designed parameter of SPVA-Py-Pt based IPMC micro-gripper 
S.No. Design parameter Value 
1 Length of each IPMC 30 mm 
2 Width of each IPMC 10 mm 
3 Thickness of each IPMC 0.08 mm 
4 Circular aluminium base 20 mm 
5 Dimension of handling object 
 
ɸ 20 mm diameter and 10 mm height of 
the object 
6 Weight of handling object 95 mg 
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demonstrated as shown in Figure 3.18. These results showed that the SPVA-Py-Pt 
material has potential for developing the IPMC actuator. Based on the performance 
analysis of the IPMC based micro-gripper, this kind of actuator seems to be extremely 
useful for handling light weight objects. This kind of actuator can also be used in 
robotics, like peg-in-hole assembly. The SPVA-Py-Pt based micro-gripper shows 
better performance during handling of the circular light weight object. 
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Figure 3.18: Multi-fingers based micro-gripping system using SPVA-Py-Pt based 
ionic actuator 
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3.4 CONCLUSION 
In this chapter, a novel SPVA-Py-Pt based IPMC actuator was developed by 
the electroless plating method. The proposed IPMC actuator possess a high water 
holding capacity under applied voltage and it was found that the water loss was 31% 
at 5 V for a maximum time of 16 min. The performance of the proposed IPMC was 
better because of low water loss as compared to a Kraton based IPMC actuator [33]. 
This SPVA-Py-Pt based IPMC actuator gives good repeated characteristics under 
long-term excitation due to the presence of the durable polypyrrole coating which 
prevents the leakage of water molecules through cracks as compared to other methods 
[33]. Further, an electro-mechanical characteristic was also carried out where the 
characteristic between deflection and voltage shows the linear behavior up to 2 V and 
further it shows the non-linear behavior. This voltage was controlled through a PD 
controller and this actuator also shows a 1.9 mN load carrying capacity. Using the 
SPVA-Py-Pt based IPMC actuator, a compliant multi micro-gripping was developed. 
By developing this gripping system, the SPVA-Py-Pt based IPMC actuator shows the 
potential of robotic applications.  
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4.1 INTRODUCTION 
In the last decade, various types of electroactive polymers (EAPs) that exhibit 
substantial deformation in response to electrical input voltage have emerged. Ionic 
polymer metal composite (IPMC) [1,2] is a new class of EAPs which converts 
electrical energy into mechanical energy and possess with several advantages such as 
light weight, physical flexibility, quick actuation and large bending displacement at 
low voltage [3,4]. IPMCs have potential for several applications such as micro 
manipulation [5,6], artificial muscle actuators [7] and bio-mimetic robots [8,9] etc. 
IPMCs are prepared by plating Pt or Au electrode layers on the surface of an ionic 
exchangeable polymer membrane. In the IPMC membranes, the mobility of ions, 
protons along with water molecules inside the membrane are strongly involved in the 
actuation mechanism under electrical potential [10]. The IPMC usually performs in 
highly hydrated state. It is firmly believed that the bending of IPMC is due to the shift 
of mobile hydrated ions inside the IPMC under applied voltage [11,12]. Typically, 
perfluorinated IPMC membranes with the trade name of nafion are being used as 
actuators and dynamic sensors because of its useful properties like high proton 
exchange capacity, thermal, mechanical, chemical stabilities, large bending 
deformation and low power consumption [13-18]. However, they have certain 
drawbacks such as high cost and a hazardous fluorinated polymer, low actuation 
bandwidth, low blocking force, at temperature higher than 80 ºC and at low humidity. 
These conditions are responsible for drop in proton conductivity due to membrane 
dehydration [19]. Therefore, several efforts have been undertaken to develop new 
polymers used in IPMCs to replace perfluorinated polymers and improve the 
electromechanical performance of IPMC actuators. Different kinds of non-
perfluorinated ionomeric materials such as kraton [20], sulfonated polysulfone [21], 
sulfonated polystyrene [22], sulfonated poly (arylene ethersulfone) [23], sulfonated 
polyetherimides [24,25],  sulfonated polyimides [26] have been used to prepare IPMC 
actuators during last decade. Although, a number of critical issues remaining 
unsolved, still it is the believed in the engineering community that, despite high 
promise, the main reason for the vulnerable deployment of IPMC is mainly due to the 
incomplete understanding of the actuation mechanism of IPMC membrane. Similarly, 
the electrochemical behavior of IPMCs has been studied less or even overlooked, 
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although the basic principle for the actuation is based on electrochemical reactions. 
In this chapter, the polyacrylonitrile/kraton/graphene (PAN-KR-GR) based 
ionomeric polymer membrane was proposed, fabricated using electroless plating 
method with Pt as electrode. Addition of graphene in the polymer membrane was used 
because of its high surface-area-to-volume ratio [27,28], excellent electrical, thermal, 
mechanical properties and high electron mobility like other carbon based nano 
materials [29]. Hydrophobic nature of polyacrylonytrile increases the stability of 
IPMC membrane in the water, mechanical strength and thermal stability of ionomeric 
membrane at temperature more than 80 ºC. Therefore, PAN-KR-GR-Pt based IPMC 
actuator can provide an easy and reliable solution for realization of novel actuators 
which can show good potential in robotic applications. The major contributions in this 
chapter are: 
a) Design and development of novel PAN-KR-GR membrane with Pt electrode 
(PAN-KR-GR-Pt) using electroless plating method based gripping system. 
b) Characterization of PAN-KR-GR-Pt ionic actuator and development of IPMC 
based gripping system. 
These contributions show the potential towards the easy operability of PAN-
KR-GR-Pt based IPMC actuator with large deflection capability. This can be operated 
through low voltage (0-7V) for developing the robotic system. In the proposed IPMC, 
polyacrylonytrile increases the stability of IPMC membrane in the water and provides 
high bending rate as compared to other smart materials such as piezoelectric, shape 
memory alloy (SMA) and electroactive polymers (EAP). The major advantages of this 
IPMC actuator are light in weight which can be used in different sizes and shapes and 
doesn’t need the complicated controller while developing the robotic system. 
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4.2 EXPERIMENTAL 
 
4.2.1 Reagents and instruments 
The main reagents used for fabrication of IPMC membrane were 
nonperfluorinated polymer Kraton (MD9200) (Nexar Polymer, USA), 
polyacrylonitrile (Sigma Aldrich, USA), N,Nꞌ dimethylformamide and 
tetrahydrofuran (Thermo Fisher Scientific Pvt. Ltd., India), ammonium hydroxide 
(25%) (Merck Specialties Pvt Ltd., India), tetraamineplatinum(II) chloride 
monohydrate [Pt(NH3)4Cl2.H2O (Crystalline)] (Alfa Aesar, USA), sodium 
borohydride (NaBH4) (Thomas Baker Pvt. Ltd. India) and hydrochloric acid (HCl) 
(35%) (Central Drug House Pvt. Ltd., India). All reagents and chemicals were of 
analytical reagent grade. A digital ultrasonic cleaner (LMUC series), magnetic stirrer 
(LMMS-1L4P), hot air oven (Biogen, India), digital balance (MAB 220, Wensar, 
India) and potentiostat/galvanostat (302N Autolab, Switzerland) were used. 
 
4.2.2 Preparation of the reagent solutions 
A homogeneous, transparent 5 wt% Kraton polymer solution was prepared in 
tetrahydrofuran (THF) by shaking well and kept the solution for 10 h at room 
temperature (25±3 ºC) for complete dissolution. Graphene dispersion was prepared by 
mixing 2 mg of graphene in 10 mL of THF with constant stirring up to 6 h at room 
temperature. Aqueous solution of tetraamineplatinum(II) chloride monohydrate (0.04 
M), NH4OH (5.0%) and NaBH4 (5.0%) were prepared in demineralized water 
(DMW). 
 
4.2.3 Fabrication of membrane 
The membrane preparation was carried out by dissolving 1 g of 
polyacrylonitrile (PAN) in 20 mL N,N dimethylformamide (DMF) at 50 ºC with 
constant stirring upto 6 h. After complete dissolution the prepared solutions of PAN 
and kraton polymers were mixed in 1:1 ratio followed by adding 2 mL suspension 
solution of graphene with constant stirring for 2 h at 60 ºC. The obtained solution was 
cast in a petri dishes (50 mm × 17 mm) followed by covering with Whatman filter 
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paper (No. 1) for slow evaporation of the solvents in a thermostated oven at 45 ºC. 
After complete evaporation of solvents the membrane was removed from petri dish 
with the help of forcep and spatula. Now, the fabricated membrane was ready for 
characterization. 
 
4.2.4 Water uptake or water holding capacity 
Water uptake capacity of PAN-KR-GR ionic polymer membrane was 
measured at room temperature (25±3 ºC) and 45 ºC for different interval of times 2, 4, 
6, 8, 10 and 20 h as described in Chapter 2, Section 2.2.4. 
 
4.2.5 Ion-exchange capacity  
 Ion-exchange capacity (IEC) of PAN-KR-GR-Pt membrane based IPMC 
actuator was determined by titration method as described in Chapter 2, Section 2.2.5. 
 
4.2.6 Electroless plating 
Electroless plating technique was used to platinise Pt metal on both the surface 
of PAN-KR-GR polymer membrane as described in Chapter 2, Section 2.2.6. 
 
4.2.7 Proton conductivity 
Proton conductivity of the PAN-KR-GR-Pt based IPMC membrane was 
determined as described in Chapter 2, Section 2.2.7. 
 
4.2.8 Water loss 
Water loss of PAN-KR-GR-Pt IPMC membrane was determined at 7 V for 
different time interval of time (3, 6, 9 and 12 min) as described in Chapter 2, Section 
2.2.8. 
 
4.2.9 Fourier transforms infra-red study 
The Fourier transform infra-red (FTIR) spectrum of the PAN-KR-GR-Pt IPMC 
membrane in the range of 4000-500 cm-1 was recorded using FTIR spectrometer 
(Spectrum-Two, Perkin-Elmer, USA). 
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4.2.10 Scanning electron microscopy study 
Scanning electron microscopic (SEM) images of PAN-KR-GR-Pt IPMC  
membranes were taken by scanning electron microscope (JEOL, JSM, 6510-LV, 
Japan) at an accelerating voltage of 20 kV. 
 
4.2.11 X-Ray diffraction study 
X-ray diffraction (XRD) pattern of the PAN-KR-GR polymer membrane was 
recorded by an X-ray diffractometer (PW 1148/89, Phillips, Holland) with Cu Kα 
radiations. 
 
4.2.12 Thermal studies 
Thermogravimetric analysis (TGA) of PAN-KR-GR polymer membrane and 
PAN-KR-GR-Pt IPMC membrane were carried out using thermogravimetric analyser 
(Pyris 1-HT, Perkin Elmer, USA) at a heating rate of 10 °C min-1 from 0-600 °C in N2 
atmosphere. 
 
4.2.13 Electrical properties 
The electrical properties of PAN-KR-GR-Pt IPMC membrane was determined 
by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) at triangle voltage 
input of ±3 V with a step potential of 100 mV s-1. 
 
4.2.14 Design of PAN-KR-GR-Pt based IPMC actuator based dexterous handling 
system 
In order to develop the PAN-KR-GR-Pt actuator based gripping system, a 
computer aided design (CAD) model of multi finger based gripping system was 
developed as shown in Figure 4.1, where the fingers were designed using PAN-KR-
GR-Pt IPMC membranes. For developing this actuator, the electro-less plating method 
was used for coating of Pt as electrode over the PAN-KR-GR polymer merbrane. All 
three PAN-KR-GR-Pt actuator based fingers were integrated in a wrist. This aluminium 
based wrist was fastened with a holder. In order to activate the PAN-KR-GR-Pt actuator 
based gripper, the voltages (0-7 V dc) to each IPMC finger was supplied through a 
proportional-derivative (PD) controller. By supplying the voltage through controller, all 
fingers bend simultaneously and grip the object.  
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Figure 4.1: Schematic diagram for PAN-KR-GR-Pt IPMC based dexterous handling 
system (a) and PAN-KR-GR-Pt based micro-gripper (b) 
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4.3 RESULTS AND DISCUSSION 
 
4.3.1 Chemical properties 
 
4.3.1.1 Water uptake capacity 
The fundamental factors which affect the performance of IPMC actuator are 
types of polymer, counter ion, immovable ion and water uptake. The deformation of 
IPMC membrane under an applied electric potential is due to the movement of 
solvated cations along with water molecules towards the cathode. Figure 4.2 showed 
that the water uptake capacity of KR-PAN-GR membrane at room temperature (25±3 
ºC) and at 45 ºC were found to be maximum 78.94% and 133.33% respectively, for 8 
h of immersion. The results show that the PAN-KR-GR polymer membrane is having 
higher water uptake capacity because of the presence of more active -SO3H sites. The 
high water holding capacity of PAN-KR-GR membrane even at increasing 
temperature may enable the movement of more hydrated cations leading to the 
considerable bending actuation in the membrane [30]. 
 
4.3.1.2 IEC and proton conductivity 
IEC of ionomer strongly influences the proton transfer through ionomer 
membrane and determines the performance of actuator. The IEC of PAN-KR-GR–Pt 
membrane was found to be 1.4 meq g-1 of dry membrane as shown in Table 4.1. The 
high IEC of the membrane increases the water uptake and allows more Pt particles to 
deeply imbed on both the surfaces of PAN-KR-GR. The existence of more Pt particles 
and uniform electroding on the surface will lower the resistance of the membrane, 
hence fast and large bending performance [30, 31]. The proton conductivity of PAN-
KR-GR-Pt-based IPMC membrane was 5.26 mS cm-1. High proton conductivity 
enables the movement of more H+ ions in their hydrated state which results in large 
actuation. 
 
4.3.1.3 Water loss 
The mechanism of water loss is responsible for short lifetime of IPMC 
membrane which includes natural evaporation, leakage from ruptured electrode 
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Figure 4.2: % Water uptake of PAN-KR-GR based membrane at room temperature 
(R. T.) and 45 ºC for different time intervals 
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Table 4.1: Ion-exchange capacity and proton conductivity of PAN-KR-GR-Pt based 
membrane 
Material Ion-exchange capacity 
(meq g-1 of dry membrane) 
Proton conductivity (σ) 
(mS cm-1) 
PAN-KR-GR-Pt 1.4 5.26 
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surface and electrolysis [32]. Figure 4.3 showed that the maximum water loss was 
38% after applying electric potential of 7 V for 12 min. The slow water loss of PAN-
KR-GR-Pt based IPMC membrane may increase the performance in terms of bending 
deformation for longer time and repeatability. 
 
4.3.1.4 SEM  
The scanning electron micrographs of PAN-KR-GR-Pt based membrane at 
different magnifications were recorded to show the surface morphology as shown in 
Figure 4.4 (a) to (d). The uniform coating of Pt electrode with no surface crack is 
clearly seen in Figure 4 (a) and (c) before applying electrical potential. The surface of 
the membrane after testing of actuation damaged to some extent, resulting in few 
negligible rupture as shown in Figure 4.4 (b) and (d). The surface morphology of 
PAN-KR-GR-Pt membrane after applied electrical potential showed no significant 
changes. Thus, the main cause of water loss from the membrane was considered due 
to electrolysis and natural evaporation. The cross-sectional scanning electron 
micrograph is shown in Figure 4.4 (e), which clearly shows that the PAN-KR-GR 
composite polymer membrane is sandwiched between Pt electrode layers from both 
sides. 
 
4.3.1.5 FTIR 
The chemical structure of the fabricated PAN-KR-GR polymer membrane was 
characterized by FTIR spectroscopy (Figure 4.5). A typical peak appeared in the 
spectrum at ~2242 cm-1, which is due to the presence of the stretching vibration of 
cyano groups (-CN), in the PAN. The peaks at around ~1085 and ~1029 cm-1 are 
ascribed due to the presence of S=O stretching vibration, which confirm the existence 
of block styrene sulfonate unit of KR polymer [33]. The graphene oxide characteristic 
bands are present at ~1726 cm-1 (C=O stretching), ~1623 cm-1 (C=C stretching), 
~1226 cm-1 (C-OH stretching) and ~1059 cm-1 (C-O of epoxy stretching) [34]. 
 
4.3.1.6 XRD and TGA 
The XRD pattern of PAN-KR-GR composite polymer membrane is shown in 
Figure 4.6. The XRD pattern of ionomeric membrane was carried out to study the  
Chapter 4 
131 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: % Water loss of PAN-KR-GR-Pt-based IPMC membrane at 3, 4, 5 and 6 
V for different time interval 
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crystal lattice i.e., the molecules are randomly distributed in the membrane. The TGA 
thermograms of PAN-KR-GR polymer membrane and PAN-KR-GR-Pt based IPMC 
membrane are shown in Figure 4.7. In both the membranes, about 21% weight loss 
up to 200-250 ºC is due to the removal of water molecules. Furthermore, about 20% 
weight loss up to 450 ºC may be due to the thermal annealing of the composite 
materials. A horizontal curve at 500 ºC onward represents the complete oxide 
formation. Hence, TGA thermograms of both PAN-KR-GR polymer membrane and 
PAN-KR-GR-Pt-based IPMC membrane show that there is no significant change in 
the thermal stability of PAN-KR-GR membrane before and after plating of Pt 
electrode layer. 
 
4.3.2 Electrical properties 
For a better performance of an IPMC actuator, one needs to check the 
electrical properties of the deposited electrode layers necessary for bending behavior. 
The electrical behavior of PAN-KR-GR-Pt-based IPMC membrane is investigated by 
Autolab 302N modular potentiostate/galvanostate. A current voltage hysteresis curve 
(I-V) is recorded under 3V with a scan rate of 100 mV s-1 as shown in Figure 4.8. The 
shape of I-V curve generally reflects the movement of hydrated ions due to applied 
voltage resulting from electrolysis. It is observed from Figure 4.9 that the current 
density of IPMC membrane increases significantly with the applied voltage. The 
higher current density of PANKR- GR-Pt based IPMC membrane than several 
reported IPMC membrane [20,22] is due to high IEC, uniform electroding, 
smoothness of the electrode surface, and high proton conductivity. Higher the current 
density, higher will be the performance of IPMC, by a larger deformation under an 
applied electric potential. 
 
4.3.3 Electromechanical properties 
In order to characterize the highly water-stable PAN-KR-GR-Pt based membrane; the 
graphical representation of an experimental test setup is shown in Figure 4.10. After 
taking the PAN-Kr-Gr-Pt-based membrane from water solution, it was fixed in a 
holder as a cantilever configuration. For activating this membrane, the voltage 
between 0 and 7 V dc was applied to IPMC membrane using computer controlled 
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Figure 4.4: Scanning electron microscopic images of PAN-KR-GR-Pt-based IPMC 
membrane at different magnifications showing surface morphology (a and c) before 
actuation, (b and d) after actuation and (e) cross-sectional image 
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Figure 4.5: FTIR spectrum of PAN-KR-GR polymer composite membrane 
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Figure 4.6: XRD spectrum of PAN-KR-GR composite polymer membrane 
 
 
 
 
 
 
 
 
 
Chapter 4 
136 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: TGA spectra showing thermal stability of PAN-KR-GR polymer 
membrane and PAN-KR-GR-Pt-based IPMC membrane 
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Figure 4.8: Cyclic voltammetry curve of PAN-KR-GR-Pt-based IPMC membrane at 
±3 V 
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Figure 4.9: Linear sweep voltammetry curve of PAN-KR-GR-Pt based IPMC 
membrane at 3 V 
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Figure 4.10: Schematic diagram for bending behavior of PAN-KR-GR-Pt based ionic 
actuator 
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digital analog card (DAC) and micro controller. A power supply was also developed 
for giving the voltage of 9-12 V dc to micro controller where a custom amplifier 
circuit was also used for providing the current rating of 50–200 mA to IPMC 
membrane. Both surfaces of PAN-KR-GR-Pt based strip were connected to this 
custom amplifier circuit through wires and copper tape for proper connectivity 
between the conductive layers. A laser displacement sensor (model: OADM 
20S4460/S14F; Baumer Electronic, Germany) was used to measure the tip 
displacement of the IPMC actuator with respect to the applied voltage. This was also 
used as a displacement feedback for measuring and controlling the tip displacement 
where data conversion can take place by converting the data from RS-485 to RS-232 
communication protocol in order to attain the proper communication between sensor 
and input command from computer. Docklight V1.8 software was used to attain this. 
The actual experimental setup is shown in Figure 4.11. A computer code was written 
in C programming language where the sampling rate (20 samples per second) was set 
for observing the bending of the IPMC. After applying the voltage, IPMC membrane 
bends and provides the dexterous behavior for manipulation. 
By providing the voltage (0-7 V dc) to PAN-KR-GR-Pt based membrane, the 
successive steps of deflection were observed as given in Figure 4.12. The 
experimental data were collected at varying voltages for five times such as deflections 
1, 2, 3, 4 and 5 as shown in Table 4.2. The size of membrane used was 30 mm length, 
10 mm width and 0.11 mm thickness. For tracing the bending behavior, a graph paper 
was placed behind the actuator.  
The deflection with voltage was determined by taking the average of five 
values of repeated experiments at same voltage and data are plotted in Figure 4.13. 
The increase in the voltage attempts the linear bending behavior of IPMC, while on 
reduction in the voltage from high to low; IPMC did not follow the same path to 
return its original position (Figure 4.13). The PAN-KR-GR-Pt based IPMC 
membrane showed a deflection error of 0.07 mm. This can be minimized by adjusting 
frequency with proportional-derivative (PD) controller. After that, this ionic actuator 
can be used for dexterous handling in manipulation.  
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Figure 4.11: Actual test setup for bending behavior of PAN-KR-GR-Pt-based ionic actuator 
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Figure 4.12: Bending behaviour of PAN-KR-GR-Pt based ionic actuator 
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Table 4.2: Experimental data of PAN-KR-GR-Pt IPMC membrane deflection with applied voltages 
 
S.No. Voltage (V)   Deflection reading (mm) 
Deflection 1  Deflection 2 Deflection 3 Deflection 4 Deflection 5  Average deflection value  
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 1.0 3.1 2.9 3.2 2.8 3.0 3.0 
3 2.0 6.2 6.0 5.8 5.9 6.1 6.0 
4 3.0 7.4 7.6 7.6 7.4 7.5 7.5 
5 4.0 9.2 8.8 8.9 9.1 9.0 9.0 
6 5.0 12.1 11.9 12.2 12.0 11.8 12.0 
7 6.0 14.5 14.4 14.6 14.7 14.3 14.5 
8 7.0 18.0 18.1 17.9 18.2 17.8 18.0 
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Figure 4.13: Forward and reverse bending behaviors of PAN-KR-GR-Pt based ionic 
actuator 
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4.3.4 Mechanical property (force behavior analysis) 
In order to analyze the force behavior of PAN-KR-GR-Pt based ionic actuator, 
the membrane was held in a cantilever configuration with a holder. The schematic 
diagram of testing setup is shown in Figure 4.14 (a). A load cell was placed at the tip 
position of IPMC for measuring the tip load of IPMC. The low force measurement 
load cell (model: Citizon CX-220; India) was used to measure the load. This load cell 
can measure the load ranging from 0.0001 to 220 g. The actual test setup was shown 
in Figure 4.14 (b). After applying voltage (0-7 V) to IPMC, the tip of IPMC bends 
upward and downward and depends upon polarity of voltage. First, when the positive 
voltage was applied, the IPMC moves downward. The different force values (F1, F2, 
F3, F4 and F5) were noted through load cell at voltage. The voltage was measured 
through multimeter corresponding load values simultaneously while ionic strip was in 
operation. The five different force values (F1, F2, F3, F4 and F5) were collected at 
different voltage ranges (0-7 V) as given in Table 4.3. The force mean value was 
calculated from five different observations which were used to determine the standard 
deviation (SD). The normal distribution function for PAN-KR-GR-Pt based ionic 
actuator is shown in Figure 4.15. It was found that the repeatability of this ionic 
actuator was 96.31% for dexterous handling.  
 
4.3.5 Development of dexterous handling device 
 After characterization of PAN-KR-GR-Pt based ionic actuator, a compliant 
multigripping system for dexterous handling was developed. The three PAN-KR-GR-
Pt based IPMC actuator fingers were integrated in a wrist for holding the object 
(Figure 4.16). The mimicking of fingers was carried out using electrical actuation 
instead of conventional motor. It was also possible to actuate each finger individually 
for dexterous handling. By developing this multigripping system, the handling 
capability using PAN-KR-GR-Pt-based ionic actuator was demonstrated which shows 
that the PAN-KR-GR-Pt-based material has potential for developing the industrial 
dexterous handling device. Therefore, this kind of actuator can be applied for the 
handling of various micro and millimeter-scale components used in complex 
fabrication and robotics assembly. 
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Figure 4.14: Measurement test setup for tip force response of PAN-KR-GR-Pt-based 
actuator (a) schematic diagram of test setup for the tip load of IPMC and (b) actual 
test setup 
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Table 4.3: Experimental force data of PAN-KR-GR-Pt-based ionic actuator 
S. No. Voltage (V) Force values (mN) 
F1 F2 F3 F4 F5 Average force value  
1. 1.0 0.009 0.012 0.011 0.008 0.010 0.010 
2. 2.0 0.017 0.016 0.016 0.014 0.012 0.015 
3. 3.0 0.018 0.022 0.02 0.021 0.024 0.021 
4. 4.0 0.031 0.035 0.034 0.032 0.033 0.033 
5. 5.0 0.044 0.042 0.04 0.043 0.041 0.042 
6. 6.0 0.045 0.042 0.043 0.044 0.046 0.044 
7. 7.0 0.047 0.049 0.051 0.05 0.053 0.050 
 Mean 0.0307 
 Standard Deviation (SD) 0.0156 
 Normal Deviation (ND) 3.6882 
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Figure 4.15: Normal distribution function for PAN-KR-GR-Pt based IPMC actuator 
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Figure 4.16: Dexterous handling device using PAN-KR-GR-Pt IPMC membrane 
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4.4 CONCLUSION 
The IPMC membrane based on PAN-KR-GR-Pt was fabricated by chemical 
plating method. By characterizing this actuator, it was found that it has higher water 
uptake, proton conductivity, uniform Pt coating on both the surface of membrane, low 
water loss after applying the electric potential which provides the better performance 
and repeatability as compared to other kind of coated IPMCs. The electrical property 
was also carried out using CV in order to achieve the better actuation performance of 
PAN-KR-GR-Pt-based membrane. By developing a multigripping system, this 
actuator shows that this can be used in dexterous handling devices in robotic 
manipulation. 
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Fabrication of Silver Nano 
Powder Embedded Kraton 
Polymer Actuator and its 
Characterization 
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5.1 INTRODUCTION 
The polymeric actuators produce mechanical responses by various external 
stimuli [1-3]. Principally, actuators are able to transduce an input electrical energy to 
an output mechanical energy [4-7]. This property can be very well utilized to develop 
artificial muscle [8,9], active catheters [10,11] and biomimetic robots [12-15]. A 
variety of electrical energy responsive polymers such as ionic polymer metal 
composites (IPMCs) [16,17], ionic polymer gels [18], conductive polymers [19,20], 
piezoelectric polymers and dielectric elastomers [21,22] have been widely used in 
making artificial muscles and microrobots. Among the different types of polymeric 
actuators the IPMC actuators consisting of ionic polymer material sandwiched 
between two platinum electrode layers have been widely used for the fabrication of 
applied actuators [23]. The IPMC actuators have several outstanding properties 
including light weight, low applied voltage, good bending actuation, flexibility, easy 
molding into different shapes and so on [24-27]. However, a time-consuming 
electroless plating process for deposition of Pt or Au electrode layers on both side of 
polymer membrane is usually necessary in the fabrication of IPMCs membrane 
actuator. Since an external electrical potential is required to induce the actuator 
motion. Therefore, metal electroplating [24] or combination of electroless and 
electroplating techniques [28] requiring a relatively long processing time for the 
fabrication of Pt or Au electrode layers on the surfaces of the ionic polymer composite 
membrane. To alternate this time consuming and expensive method for the 
preparation of IPMCs membrane, a simpler and more cost effective fabrication 
technique is developed. In this chapter kraton, a sulphonated polymer and silver nano 
powder were mixed together and used to fabricate the ionic polymer actuator by 
solution casting method. Sulfonated polymers are generally used as ionic polymer 
metal composite actuator [29-33] due to their good electromechanical and chemical 
properties, water uptake and high proton conductivity. Kraton is a sulfonated 
ionomeric polymer that posses outstanding electromechanical thermal and chemical 
stabilities and good film forming capability [34]. The silver nano particles show 
excellent electrical, thermal and mechanical properties like other Pt or Au metal 
electrodes. The KR-Ag-Pw IPMC provides an easy and reliable realization of 
versatile novel ionic polymer actuators as well as possibility of industrial applications. 
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5.2 EXPERIMENTAL 
 
5.2.1 Reagents and instruments 
The main reagents used were non-perfluorinated kraton [pentablock 
copolymer poly((t-butyl-styrene)-b-(ethylene-rpropylene)-b-(styrene-r-styrene 
sufonate)-b-(ethylene-r-propylene)-b-(t-butyl-styrene) (tBS-EP-SS-EP-tBS))](Nexar 
MD9200) (Nexar Polymer, USA), silver nanopowder with a particle size range of 20- 
40 nm and tetrahydrofuran (THF) (Thermo Fisher Scientific Pvt. Ltd., India) used as 
received. The main instruments used during fabrication of IPMC membranes were a 
digital ultrasonic cleaner (LMUC series, LABMAN Scientific Instruments), hot air 
oven (Biogen, India), digital balance (MAB 220, Wensar, India) and magnetic stirrer 
(LMMS-1L4P, LABMAN Scientific Instruments). 
 
5.2.2 Fabrication of membrane 
The fabrication of membrane was started by dissolving 3 g of kraton (KR) 
polymer in 20 mL THF at room temperature (25±3 ºC) with constant stirring upto 8 h. 
After complete dissolution 0.3 g silver nano powder (AgPw) was added with constant 
stirring for 4 h at room temperature (25±3 ºC). The obtained solution was cast in a 
petri dishes (50 mm × 17 mm) and covered with Whatman filter paper (No. 1) for 
slow evaporation of the THF at room temperature (25±3 ºC). After complete 
evaporation of THF the KR-Ag-Pw composite polymer membrane was taken out from 
petri dish. Now, the fabricated membrane was ready for further studies. 
 
5.2.3 Water retention capacity 
Water retention capacity (WR) of KR-Ag-Pw ionomeric polymer membrane 
was measured at room temperature (25±3 ºC), 45 and 65 ºC for different times 2-24 h 
as described in Chapter 2, Section 2.2.4. 
 
5.2.4 Ion-exchange capacity 
Ion-exchange capacity (IEC) of KR-Ag-Pw ionic polymer membrane based 
IPMC actuator was determined by titration method as described in Chapter 2, 
Section 2.2.5. 
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5.2.5 Water loss 
Water loss of KR-Ag-Pw ionomeric polymer membrane was determined at 3-6 
V ac for different interval of time 3-9 min as described in Chapter 2, Section 2.2.8. 
 
5.2.6 Proton conductivity  
Proton conductivity (PC) of the KR-Ag-Pw ionomeric polymer membrane was 
determined as described in Chapter 2, Section 2.2.7. 
 
5.2.7 Fourier transform infra-red study 
The Fourier transform infra-red (FTIR) spectrum of the KR-Ag-Pw ionomeric 
polymer membrane in the range of 4000-500 cm-1 was recorded using FTIR 
spectrometer (Spectrum-Two, Perkin-Elmer, USA). 
 
5.2.8 Scanning electron microscopy study 
Scanning electron microscopic (SEM) images of KR-Ag-Pw ionomeric 
polymer membranes were taken by scanning electron microscope (JEOL, JSM, 6510-
LV, Japan) at an accelerating voltage of 20 kV. 
 
5.2.9 X-Ray diffraction study 
X-ray diffraction (XRD) pattern of the KR and KR-Ag-Pw ionomeric polymer 
membranes was recorded by an X-ray diffractometer (Rigaku, miniflex-II, Japan) 
with Cu Kα radiations. 
 
5.2.10 Thermal studies 
Thermo gravimetric analysis (TGA) of KR and KR-Ag-Pw ionomeric polymer 
membranes were carried out using thermo gravimetric analyser (Pyris 1-HT, Perkin 
Elmer, USA) at a heating rate of 10 °C min-1 from 0-600 °C in N2 atmosphere. 
 
5.2.11 Electrical properties 
The electrical properties of KR-Ag-Pw ionomeric polymer membrane were 
determined by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) by 
using Autolab 302N modular potentiostat/galvanostat in DMW at triangle voltage  
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input of 3.5 V with a step potential of 50 mV s-1. 
 
5.2.12 Electromechanical characterization 
In order to obtain the bending behavior of KR-Ag-Pw based IPMC membrane 
actuator, an electromechanical characterization is required. For analyzing this bending 
behavior with voltage, the schematic diagram of experimental setup is shown in 
Figure 5.1 where the nano silver powder coated ionic polymer membrane IPMC was 
used during the experiments. The IPMC was integrated in vertical cantilever 
configuration on the mounting bench. A voltage (0-3.5 V dc) was sent to ionic 
polymer membrane with the facility of a computer interface control system which 
consists of computer, digital analog card (DAC) and micro controller. An amplifier 
circuit was developed for providing the current rating of 50-200 mA to KR-Ag-Pw 
membrane so that membrane actuator can attain the maximum bending. For providing 
the electrical signal, both surfaces of KR-Ag-Pw strip were connected to voltage 
supply which was controlled by micro controller. An input command was sent to 
membrane actuator through a micro controller. An optical/laser displacement sensor 
was mounted in front of the KR-Ag-Pw based membrane actuator for finding the 
displacement behavior. A converter was also integrated with this sensor for switching 
the data transmission protocol (RS-485 to RS-232 standard). This sensor was used as 
feedback device while sending the pulses to it. An appropriate program was 
developed to interpret data which is recorded by Docklight V1.8 software and 
provides the exact bending behavior of IPMC according to the applied potential. The 
bending behavior of KR-Ag-Pw based membrane actuator is shown in Figure 5.2 and 
the opposite behavior can also be achieved by changing the voltage polarity. 
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Figure 5.1: Schematic diagram for analyzing the bending behaviour of KR-Ag-Pw 
IPMC actuator 
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Figure 5.2: Actual test setup for bending behaviour of KR-Ag-Pw IPMC actuator 
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5.3 RESULTS AND DISCUSSIONS   
To investigate the performance of the fabricated KR-Ag-Pw membrane 
actuator employing the Ag nano-powder electrodes, fundamental properties such as 
WR, IEC and PC were determined. The bending behaviour of IPMCs membrane 
under an applied electric potential is based on migration of cations along with water 
molecules towards cathode. The higher water retention capacity of IPMC membrane 
will produce better performance of IPMC actuator [35]. Figure 5.3 showed that the 
water retention capacity of KR-Ag-Pw membrane increases with the increase in 
temperature from room temperature (25±3 ºC) to 65 ºC up to 12 h of immersion then 
after slightly decreases. The maximum water retention capacity of KR-Ag-Pw 
membrane was found to be 192.3% at room temperature (25±3 ºC), 222.2 % at 45 °C 
and 233.6 % at 65 ºC for 12 h of immersion time. High water retention capacity was 
assigned due to presence of –SO3H groups in KR-Ag-Pw membrane which was 
considered valuable for better performance in terms of bending actuation. The IEC 
and PC of KR-Ag-Pw ionic polymer membrane was found to be 2 meq g-1 and 
1.87×10-3 S cm-1 respectively. The high PC of KR-Ag-Pw ionic polymer membrane 
will enable the better performance due to the transfer of more protons through the 
membrane. The high ion exchange capacity of KR-Ag-Pw ionic polymer membrane 
allows higher level of water retention and also permits that more Ag particles deeply 
imbed in the ionic polymer membrane. Higher the Ag metal particles in the membrane 
actuator lower will be the resistance, hence enables the fast and large bending 
performance [35,36]. The high PC of KR-Ag-Pw membrane actuator shows that more 
hydrated cations can move quickly toward the cathode side with a large and fast 
actuation [36]. One of the fundamental factors for the short life time and lower 
repeated response of ionic polymer actuators is the water loss from the membrane 
actuator. After applying electric potential water loss start from the KR-Ag-Pw ionic 
polymer membrane due to electrolysis, from the cracks on the surface of membrane 
and due to natural evaporation. It is clear from the Figure 5.4 that water loss from the 
KR-Ag-Pw IPMC membrane actuator increases with the increase in applied voltage 
from 3-6 V for the same period of time. Figure 5.4 shows the maximum water loss of 
46% at 6 V for 12 min. Hence, this low water loss indicates the better performance of 
KR-Ag-Pw ionic polymer membrane actuator [37]. 
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Figure 5.3: Water uptake of KR-Ag-Pw ionic polymer actuator membrane at room 
temperature (R. T.), 45 ºC and 65 ºC for different interval of time 
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Figure 5.4: Water loss of KR-Ag-Pw ionic polymer membrane at 3, 4, 5 and 6 V for 
3, 6 and 9 min of time interval 
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To confirm the cause of failure, the scanning electron microscopic 
micrographs before and after actuation experiment were observed to evaluate the 
changes in the surface morphology. The smooth surface of kraton ionic polymer 
membrane without adding silver metal particles are clearly shown in the Figure 5.5 a. 
The surface morphology of kraton ionic polymer with silver metal particles (KR-Ag-
Pw) before and after actuation is shown in Figure 5.5 (b and d) and Figure 5.5 (c and 
e) respectively. These SEM micrographs clearly show the deposition of silver metal 
particles on the surface of membrane actuator. As clearly shown in the Figure 5.5 (c 
and e) no surface crack and cavity was observed after applying electrical potential. 
Hence, due to no significant change in the surface morphology of KR-Ag-Pw ionic 
polymer actuator membrane after applied electrical potential main cause of water loss 
from the membrane was considered due to electrolysis and natural evaporation. 
The FTIR spectra of the KR and KR-Ag-Pw ionic polymer membranes are 
shown in Figure 5.6. The bands at ~3600 cm-1 are assigned to sulfonic acid groups -
O–H vibration, other bands at around ~1080 and ~1036 cm-1 are due to presence of -
S=O stretching vibration which are confirming the existence of block styrene 
sulfonate unit of kraton polymer [38]. The sharp bands around ~1600 and ~1450 cm-1 
can be ascribed due to the C=C stretching vibration of kraton pentablock copolymer. 
The spectrum shows strong absorbance peaks around ~2980 to ~2860 and ~920 cm-1 
which may be ascribed due to the C-H asymmetric stretching of the polymer 
component [39]. From the FTIR analysis it was observed that after adding silver nano 
powder into the KR polymer the intensity of the peaks reduces. 
The TGA curve of the ionic membrane actuator is shown in Figure 5.7. The 
thermal decomposition pattern of actuator membrane shows thermal stability hence 
function of ionic polymer actuator. The KR and KR-Ag-Pw membrane actuators 
display thermal stability up to 350 ºC. The TGA curve (Figure 5.7) of the membrane 
actuators showed weight loss of mass (about 14 and 22%) upto 200 ºC, which is 
attributed to the presence of moisture. The transition (60 and 34% weight loss) around 
400 ºC may be due to the thermal degradation of sulfonic acid groups. At 400 ºC 
onwards, a smooth horizontal section which represents the complete formation of the 
oxide form of the membranes. It is clear from the TGA analysis that after adding 
silver nano powder into the KR polymer thermal stability of KR-Ag-Pw polymer  
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Figure 5.5: Scanning electron microscopic images of: kraton membrane (a), KR-Ag-
Pw ionic polymer membrane (b,d) before and (c,e) after applied electric potential 
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Figure 5.6: FTIR spectra of KR and KR-Ag-Pw polymer membranes 
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Figure 5.7: TGA curves of KR and KR-Ag-Pw polymer membranes 
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membrane actuator is increased. 
Figure 5.8 clearly showed the XRD spectra of KR polymer membrane and 
KR-Ag-Pw polymer membrane actuators. The X-ray diffraction pattern of KR 
polymer membrane having very small peaks of 2θ values (Figure 5.8), which 
indicates an amorphous nature of KR polymer membrane. X-ray diffraction pattern of 
this KR-Ag-Pw ionomeric polymer membrane show sharp peaks of 2θ values. The 
analysis of these signal peaks supports towards its crystalline nature. The XRD 
analysis reveals that KR polymer was amorphous in nature and after addition of silver 
nano powder it showed crystalline nature. 
The electrochemical performance of the KR-Ag-Pw ionic polymer actuator 
was analyzed using cyclic voltammetry (CV) for this a current-voltage (I-V) 
hysteresis curve was recorded under ±3.5 V triangle voltage input with a scan rate of 
50 mV s-1. Under harmonic excitation, the area under graph as shown in Figure 5.9 
corresponds to the dissipated electrical energy of the actuator. It is clear from the 
Figure 5.10 that as the applied electric potential increases from 1 to 3.5 V while 
current density of KR-Ag-Pw membrane is also constantly increases. It means that the 
tip displacements of the KR-Ag-Pw have a proportional relationship with the 
dissipated power according to the increase of the driving voltages. 
After applying a voltage (0-3.5 V dc), the figures of the bending characteristic 
of KR-Ag-Pw based membrane actuator is shown in Figure 5.11. The experimental 
data of deflection are taken as given in Table 5.1. During experiments, the small size 
of KR-Ag-Pw membrane actuator like 30 mm length, 10 mm width and 0.08 mm 
thickness was taken which is cut from large fabricated sheet. 
After acquiring the data, the bending characteristic with voltage is plotted as 
shown in Figure 5.12. From this figure it was investigated that when voltage was 
reduced, the ionic polymer membrane deflection did not reach at the same value. The 
deflection error was found to be 1.5 mm. This was controlled through proportional-
derivative (PD) controller where we can adjust the frequency for minimizing this and 
achieve the similar path at desired voltage. When we were applying the voltage to 
actuator, the actuation speed varies linearly and provides the steady state behaviour. 
In order to measure the force characteristic of KR-Ag-Pw based ionic actuator 
membrane actuator was clamped in a cantilever configuration a fixture. The low force  
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Figure 5.8: X-ray diffraction pattern of KR and KR-Ag-Pw ionomeric polymer 
membrane 
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Figure 5.9: Cyclic voltammetric curve of KR-AgPw ionic polymer membrane 
actuator at triangle voltage input of ±3.5 V with a step of 50 mV s-1 
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Figure 5.10: Linear sweep voltammetric curve of KR-Ag-Pw ionic polymer membrane 
actuator at 3.5 V with a step of 50 mV s-1 
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Figure 5.11: Bending behaviour of KR-Ag-Pw IPMC actuator 
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Table 5.1: Deflection data of KR-Ag-Pw IPMC actuator with voltage 
S.No. Voltage (V)   Deflection reading (mm) 
Deflection 1 Deflection 2 Deflection 3 Deflection 4 Deflection 5 Average deflection value 
1 0 0 0 0 0 0 0 
2 0.5 2.1 1.8 1.9 2.2 2.0 2.0 
3 1.0 4.2 4.0 3.9 3.8 4.1 4.0 
4 1.5 5.5 5.6 5.3 5.5 5.6 5.5 
5 2.0 11.1 11.2 10.9 11.0 10.8 11.0 
6 2.5 12.4 12.5 12.2 12.6 12.8 12.5 
7 3.0 14.1 13.9 14.2 13.8 14.0 14.0 
8 3.5 17.0 16.8 16.9 17.1 17.2 17.0 
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Figure 5.12: Bending behavior of KR-Ag-Pw based ionic actuator 
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 measurement load cell/weighing scale was used to find the load. The Model of 
Citizon (Model No. CX-220, Make: India) was used which can compute the load 
ranging from 0.0001-0.220 g. The tip of membrane actuator bends upward and 
downward while actuator was in operation. The movement of membrane actuator 
depends upon polarity of voltage. Initially, membrane actuator was kept in a 
horizontal cantilever configuration at certain distance because during operation the tip 
of membrane actuator would be touched the pan of load cell properly. The different 
load values were taken through load cell at voltage by conducting experiments. These 
force values were denoted as F1, F2, F3, F4 and F5, respectively, as given in Table 
5.2. The maximum force the actuator at different voltages was plotted as shown in 
Figure 5.13 which shows the maximum force value at 3.5 V is 4.60 mN. 
After collecting the data of different force values with voltage range (0-3.5V), 
the standard deviation (SD) was calculated. Subsequently, the mean value of force 
was calculated by taking the average of force as given in Table 5.2. At this mean 
force value, the standard deviation (SD) was found and the normal/bell distribution 
function for KR-Ag-Pw actuator was plotted as Figure 5.14. The actuation strain 
percentage was also critical property for evaluation of performance of the actuator. 
The strain with time of this actuator was evaluated as shown in Figure 5.15. The 
maximum strain of this actuator shows the state behavior with 9326 micro strain. The 
comparison of this actuator (KR-Ag-Pw IPMC) and other IPMC actuators is given in 
Table 5.3. In order to prove the application of this actuator, novel KR-Ag-Pw ionic 
actuators based compliant multi gripping system was fabricated as shown in Figure 
5.16 where the four KR-Ag-Pw ionic actuator based fingers were attached with a 
circular base. The actuation of the fingers was given through controlled voltage rather 
than using the conventional motor. By actuating these fingers, the gripping system 
showed the handling capability for light weight object and each finger adjusts the 
alignment during dexterous handling. This handling capability using KR-Ag-Pw 
based ionic actuator demonstrates the potential of robotic application for light weight 
object in industry. 
Chapter 5 
174 
 
 
 
Table 5.2: Force data of KR-Ag-Pw based ionic actuator 
S. No. Voltage (V) 
 
Force values (mN) 
F1 F2 F3 F4 F5 Average force value 
1 0.5 0 0 0 0 0 0 
2 1.0 0.088 0.117 0.107 0.078 0.098 0.098 
3 1.5 0.166 0.156 0.156 0.137 0.117 0.147 
4 2.0 0.186 0.215 0.176 0.166 0.235 0.196 
5 2.5 0.294 0.313 0.333 0.304 0.323 0.313 
6 3.0 0.431 0.411 0.392 0.421 0.402 0.411 
7 3.5 0.441 0.460 0.421 0.431 0.451 0.441 
Mean 
Standard deviation (SD) 
Normal deviation (ND) 
Repeatability 
0.2620 
0.1781 
0.7590 
99.2410 
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Figure 5.13: Mean force value of KR-Ag-Pw based ionic polymer 
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Figure 5.14: Normal distribution function for KR-Ag-Pw based ionic actuator 
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Figure 5.15: Strain behavior of KR-Ag-Pw ionic polymer 
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Table 5.3: Comparison of KR-Ag-Pw based IPMC with other IPMC actuators. 
S. No. Properties KR-Ag-Pw 
based IPMC 
Nafion based 
IPMC [40] 
Kraton based 
IPMC actuator [34] 
Sulfonated 
Polyetherimide [33] 
Carbon nano 
tube actuator [41] 
1 Water uptake (%) 
 
82.30 16.70 309.69 26.40 25.10 
2 Tip displacement 
(mm) 
17.0 12  40  2.7  20  
3 Ion-exchange capacity 
(meq g−1) 
2  0.98  1.9  0.553 0.71  
4 Proton conductivity 
(S cm-1) 
1.87×10-3  9.0×10-3  17.15  1.4 ×10-3  5.7×10-3  
5 Current density 
(mA cm-2) 
50  0.03 0.05  5×10-4  - 
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Figure 5.16: Multi fingers based micro gripping system using KR-Ag-Pw based ionic 
actuator 
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5.4 CONCLUSION 
In this chapter, a novel kraton ionic polymer actuator with silver nano powder 
electrodes was fabricated by using simple solution casting methods. It was found that 
the fabricated ionic polymer actuator has higher water uptake, proton conductivity, 
and low water loss after applying the electric potential which provides the better 
performance as compared to kraton ionic polymer actuator. By conducting the 
experiments on the electrical property, the KR-Ag-Pw ionic polymer actuator 
membrane was found to have enough electrical conductivity for the bending 
application. By performing electromechanical characterization, it was found that KR-
Ag-Pw ionic polymer actuator membrane shows the maximum bending response upto 
17 mm which was quite reasonable deflection for handling the object. By developing 
a micro gripping system, it was proved that KR-Ag-Pw actuator has the future in 
robotic applications. 
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6.1 INTRODUCTION 
Electroactive polymers (EAPs) have many attractive attributes for 
electromechanical applications, especially as actuators and sensors. Recently, as 
actuators EAPs have received great attention from academic researchers and industry 
engineers since they are promising for many potential applications such as soft robots, 
micro-grippers and micro robots for micro robotic assembly, artificial muscles, in 
aerospace and biomedical applications [1-5]. A broad range of polymeric materials 
such as conducting polymers, ferroelectric polymers, elastomers and ionic polymers 
are commonly used as EAPs [6-15]. Ionic electroactive polymers (i-EAPs) and their 
composites, such as ionic polymer metal composites (IPMCs), have attracted a great 
attention in the past years due to their low operation voltages and large strain [9-
14,16]. Since the polymer matrix in IPMCs plays an important role in the 
electromechanical coupling process because of their outstanding capabilities like 
biomimetic actuation, low power consumption, high energy density and large bending 
deformation under low voltage [17,18]. In general, an IPMC consists of a thin 
ionomeric polymer membrane sandwiched between thin metal (Pt or Au) layers from 
both sides, which serve as surface electrodes. Its working mechanism is that under 
applied electrical potential hydrated metal cations inside the actuator membrane 
migrate towards cathode along with water molecules, which causes the large 
deformation, thus strong blocking force and displacement are produced towards the 
anode. However, in the existing IPMC actuators two significant drawbacks have been 
observed i.e. low generative blocking force and short non-water working time [19], 
both of which are closely related to the solvent losing in the polymer because of the 
electrolysis, natural evaporation and the low mechanical property of ionomeric 
polymer membrane. Therefore, increasing solvent capacity and enhancing the 
mechanical property are critical to improving the performance of IPMC actuators. 
Hence, the selection of ion exchange polymer materials is crucial to the device 
performance. Till now, perfluorinated polymers such as nafion has been widely used 
as the polymer matrix in fabricating IPMC actuators [10-16,20] and recently, aquivion 
is also introduced and has demonstrated improved performance [21]. Both nafion and 
aquivion are perfluorosulfonic acid ionomeric polymer membranes that exhibit high 
ionic conductivity, good film forming capacity, good mechanical  
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strength, high chemical resistance and bending at low applied voltage. Although, 
perfluorinated polymer based IPMCs have demonstrated good electromechanical 
performance, some drawbacks that limits their practical applications include low 
blocking force, back-relaxation under sustaining direct current (dc) voltage, high cost 
and environmental unfriendliness. In addition, due to fixed ion exchange capacity 
(IEC) and thickness of as received commercial nafion membranes, the properties such 
as proton conductivity and bending stiffness can not be changed. Therefore, in 
response to the demand, nonfluorinated hydrocarbon polymers with good 
electromechanical performance, environment friendly, low cost, easy film forming 
capacity, high water uptake, good proton conductivity and high ion exchange capacity 
such as kraton [22], sulfonated poly(vinyl alcohol)/polpyrrole [23], sulfonated 
polysulfone [24], sulfonated polystyrene [25], sulfonated poly (arylene ethersulfone) 
[26], sulfonated polyetherimides [27,28] and  polyacrylonitrile–kraton–graphene [29] 
are considered to be one type of alternatives to replace perfluorinated IPMC actuators. 
In this chapter, the kraton/graphene (KR-GR) based sulfonated ionomeric polymer 
membrane and commercially produced sulfonated  poly(ether ether ketone) (SPEEK) 
membrane based IPMC actuators, which were fabricated using electroless plating 
method with Pt as metal electrode have been comparatively studied. Addition of 
graphene (GR) in the kraton (KR) polymer membrane was used because GR exhibits 
many exciting properties which render it a possible competitive candidate for 
actuation materials [30]. Its excellent electrical properties [31,32], thermal 
conductivity [33], high surface area [34], super mechanical strength [35,36] and high 
flexibility all are much demanded for a high performance actuator material. Kraton 
polymer exhibits good film forming capacity, short processing time, low cost of 
fabrication, high ion exchange capacity, good proton conductivity, flexibility and high 
thermo-mechanical stabilities. Thus, this novel non-perfluorinated KR-GR-Pt based 
IPMC membrane actuator can provide an easy and reliable realization of versatile 
novel actuators as well as possibility of industrial application. 
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6.2 EXPERIMENTAL 
 
6.2.1 Reagents and instruments 
The main reagents used for fabrication of IPMC membrane were 
nonperfluorinated polymer Kraton (MD9200) (Nexar Polymer, USA), 
tetraamineplatinum(II) chloride monohydrate [Pt(NH3)4Cl2·H2O (Crystalline)] (Alfa 
Aesar, USA), sulfonated  poly(ether ether ketone) (SPEEK) polymer membrane 
(Sigma-Aldrich Chemie Pvt. Ltd. USA), sodium borohydride (NaBH4) and 
hydrochloric acid (HCl) (35%) (Thomas Baker Pvt. Ltd., India), ammonium 
hydroxide (NH4OH) (25%) (Merck Specialties Pvt. Ltd., India), tetrahydrofuran 
(THF) and sodium nitrate (NaNO3) (Thermo Fisher Scientific Pvt. Ltd., India) used as 
received. The main instruments used during fabrication of IPMC membranes were a 
digital ultrasonic cleaner (LMUC series, LABMAN Scientific Instruments), hot air 
oven (Biogen, India), digital balance (MAB 220, Wensar, India), magnetic stirrer 
(LMMS-1L4P, LABMAN Scientific Instruments) and potentiostat/galvanostat (302N 
Autolab, Switzerland). 
 
6.2.2 Preparation of the reagents solution 
A homogeneous dispersion of graphene was prepared by mixing 50 mg of 
graphene in 20 mL of THF with constant stirring upto 6 h at room temperature (25±3 
ºC). Aqueous solution of tetraamineplatinum(II) chloride monohydrate (0.04 M), 
NH4OH (5.0%), NaBH4 (5.0%), NaNO3 (1 M) and NaOH (0.1 M) were prepared in 
demineralized water (DMW). 
 
6.2.3 Membrane fabrication 
The membrane was prepared by casting method, followed by dissolving 2 g of 
kraton in 20 mL tetrahydrofuran (THF) at room temperature (25±3 ºC) with constant 
stirring upto 6 h. After complete dissolution of kraton polymer, 3 mL suspension 
solution of graphene was added followed by constant stirring for 4 h at 45 ºC. The 
obtained solution was cast in the petri dishes (50 mm × 17 mm) followed by covering 
with whatman filter paper (No. 1) for slow evaporation of the solvents at room 
temperature (25±3 ºC). After complete evaporation of solvents, dried polymer 
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 membrane was removed from petri dish for further characterization. 
 
6.2.4 Water uptake or water holding capacity 
Water uptake capacity of KR-GR and SPEEK polymer membranes were 
calculated at room temperature (25±3 ºC) and 45 ºC for different times 2, 4, 6, 8, 10 
and 20 h as described in Chapter 2, Section 2.2.4. 
 
6.2.5 Ion exchange capacity (IEC) 
 IEC of KR-GR-Pt and SPEEK-Pt membranes based IPMC actuators were 
determined by titration method as described in Chapter 2, Section 2.2.5. 
 
6.2.6 Electroless plating 
Electroless plating technique was used to platinise Pt metal on both surfaces of 
KR-GR and SPEEK polymer membranes as described in Chapter 2, Section 2.2.6. 
 
6.2.7 Proton conductivity 
Proton conductivity of the KR-GR-Pt and SPEEK-Pt based IPMC membranes 
were measured as described in Chapter 2, Section 2.2.7. 
 
6.2.8 Water loss 
Water loss of KR-GR-Pt and SPEEK-Pt IPMC membrane was calculated at 3, 
4 and 5 V for different interval of time 3, 6, 9 and 12 min as described in Chapter 2, 
Section 2.2.8. 
 
6.2.9 Fourier transforms infra-red study 
The Fourier transform infra-red (FTIR) spectrum of the KR-GR-Pt and 
SPEEK-Pt IPMC membrane in the range of 4000-500 cm-1 was recorded using FTIR 
spectrometer (Spectrum-Two, Perkin-Elmer, USA). 
 
6.2.10 Scanning electron microscopy and EDX study 
Scanning electron microscopic (SEM) images of KR-GR-Pt and SPEEK-Pt 
IPMC membranes were taken by scanning electron microscope (JEOL, JSM, 6510- 
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LV, Japan) at an accelerating voltage of 20 kV. EDX micrographs were taken with 
EDX (Oxford instruments INCA, X. act, S.No. 56756, UK). 
  
6.2.11 X-Ray diffraction study 
X-ray diffraction (XRD) pattern of the KR-GR and SPEEK polymer 
membranes were recorded by an X-ray diffractometer (PW 1148/89, Phillips, 
Holland) with Cu Kα radiations. 
 
6.2.12 Thermal studies 
Thermo gravimetric analysis (TGA) of KR-GR-Pt and SPEEK-Pt IPMC 
membranes were carried out using thermo gravimetric analyser (Pyris 1-HT, Perkin 
Elmer, USA) at a heating rate of 10 °C min-1 from 0-600 °C in N2 atmosphere. 
 
6.2.13 Electrical properties 
The electrical properties of KR-GR-Pt and SPEEK-Pt IPMC membranes were 
determined by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) by 
using potentiostat/galvanostat (Autolab 302N modular) at triangle voltage input of 
±3.5 V with a step potential of 50 mV s-1. 
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6.3 RESULTS AND DISCUSSION 
The bending behavior of IPMC membrane actuator under an applied electric 
potential is based on movement of solvated cations along with water molecules hence 
solvent, counter ion, immovable ion and solvent uptake are the fundamental causes 
for better performance of IPMC membrane [22,23]. It was observed (Figure 6.1) that 
the water holding capacity of KR-GR and SPEEK based membrane at room 
temperature (25±3 ºC) increases up to 10 h of immersion and found to be 130 and 
32% respectively, after that saturation was found predominant. The water holding 
capacity of KR-GR and SPEEK membranes at 45 ºC and 10 h of immersion was 
found to be 153 and 73% respectively. The results showed the KR-GR polymer 
membrane was having higher water uptake capacity than the commercially obtained 
SPEEK membrane. 
Table 6.1 shows the ion exchange capacity (IEC) of the KR-GR and SPEEK 
polymer membrane was found to be 2.2 and 1.3 meq g−1 of dry membrane 
respectively. The high IEC value of the KR-GR polymer membrane than 
commercially obtained SPEEK membrane allows a higher level of water uptake and 
also allows more Pt particles to be deeply embedded on both surfaces of the IPMC 
membrane [23,29]. The higher the Pt particle density on the surface, the lower the 
resistance and hence a fast and large bending performance is achieved [22,23]. The 
proton conductivity of the KR-GR-Pt and SPEEK-Pt membrane based IPMC actuator 
was found to be 1.9×10-2 and 5.5×10-3 S cm−1 respectively, as shown in Table 6.1. 
The high proton conductivity of the KR-GR-Pt IPMC membrane actuator than 
SPEEK-Pt enables the better performance of KR-GR-Pt membrane actuator by the 
transfer of more protons through the membrane. The high proton conductivity of the 
IPMC membrane indicates that more hydrated cations can move quickly toward the 
cathode side, showing a large displacement and fast actuation [22]. 
The responsible factors for the small life of ionic polymer metal composite 
membrane actuators are cracks or damage of the electrode layer and loss of water 
[23]. The water loss from the KR-GR-Pt and SPEEK-Pt membrane based IPMC 
actuators is shown in Figure 6.2. It showed that water loss from the membrane 
actuators increases with the applied voltage accordingly. The maximum water loss for 
KR-GR-Pt and SPEEK-PT membranes was found to be 44 and 32% at 5 V for a  
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Figure 6.1: % Water uptake of KR-GR and SPEEK polymer membrane at room 
temperature (R. T.) and 45 ºC 
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Table 6.1: Shows the IEC and proton conductivity of KR-GR-Pt and SPEEK-Pt 
IPMC membranes 
S.No. Material Ion-exchange capacity 
(meq g-1 of dry membrane) 
Proton conductivity (σ) 
(S cm-1) 
1 KR-GR-Pt 2.2 1.9×10-2 
2 SPEEK-Pt 1.3 5.5×10-3 
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Figure 6.2: % Water loss of KR-GR-Pt and SPEEK-Pt IPMC membrane actuators 
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maximum time of 16 min. The water loss of KR-GR-Pt membrane actuator was lower 
than that of SPEEK-Pt with respect to the water holding capacity of KR-GR-Pt IPMC 
membrane (153%) and SPEEK membrane (73%) (Figure 6.1). The slow water loss 
from KR-GR-Pt IPMC membrane shows the better performance. 
FTIR spectra of KR-GR-Pt and SPEEK-Pt IPMC membranes were recorded in 
order to estimate various functional groups among the compounds present in the 
IPMC membranes. From Figure 6.3, SPEEK shows a characteristic broad band at 
~3450 cm-1 [assigned to -OH groups vibration of -SO3H and the absorbed moisture], 
O=S=O stretching vibrations appeared at 1230 (asymmetric) and ~1086 cm-1 
(symmetric). Peak at ~1583 cm-1 is due to the presence of -C=C- bond [37]. The peak 
at around ~1085 and ~1029 cm-1 are ascribed due to the presence of S=O stretching 
vibration confirming the existence of block styrene sulfonate unit of kraton (KR) 
polymer [38]. The graphene oxide characteristic bands are present at 
~1726 cm−1 (C=O stretching), ~1623 cm−1 (C=C stretching), ~1226 cm−1 (C-OH 
stretching) and ~1059 cm−1 (C-O of epoxy stretching) respectively [39]. 
The surface morphology of membrane based IPMC actuator plays an 
important role in the migration of cations and therefore, in the conductivity behavior 
[22]. Figure 6.4 (a-d) showed the SEM micrographs of the surface morphologies of 
KR-GR-Pt and SPEEK-Pt membranes before and after applying electrical voltage. 
Figure 6.4 (a) and (b) showed that a smooth Pt electrode surface with negligible 
space at joints can be seen easily in the SEM micrographs of fresh KR-GR-Pt and 
SPEEK-Pt membranes. The electrode surfaces of KR-GR-Pt and SPEEK-Pt IPMCs 
membranes after performing the actuation test are damaged to some extent and 
showed few small interconnected and slightly rough domains shown in Figure 6.4 (c) 
and (d).  Therefore, it was assumed that the leakage of water from the fractured 
electrode layer responsible for the short life time of the KR-GR-Pt and SPEEK-Pt 
IPMC membrane actuator would be negligible. Hence, electrolysis and natural water 
evaporation were major factors involved in the water loss from the IPMC membranes. 
SEM micrographs shown in Figure 6.4 (e) and (f) depict the cross-sectional images of  
the fresh KR-GR-Pt and SPEEK-Pt membranes, which clearly shows the Pt electrode 
layer on the surface of the IPMC membrane. The percent amount of different 
constituent elements present in the polymer composites used for the fabrication of 
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Figure 6.3: XRD spectrum of KR-GR-Pt and SPEEK-Pt IPMC polymer membranes 
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KR-GR-Pt and SPEEK-Pt IPMC membrane actuators are shown in Figure 6.5 (a, b) 
and (c, d) respectively. 
The X-ray diffraction pattern of KR-GR and SPEEK composite polymer 
membrane is shown in Figure 6.6 which shows very small peaks of 2θ values. The 
analysis of this XRD spectrum reveals the amorphous nature of KR-GR and SPEEK 
polymer membrane. Poly(ether ether ketone) (PEEK) is highly crystalline and after 
sulfonation it is more or less amorphous because of incorporation of -SO3H on 
polymer chains randomly [37]. The thermal stability of KR-GR-Pt and SPEEK-Pt 
IPMC membranes was investigated by recording TGA graph in nitrogen atmosphere 
(Figure 6.7). In both the membrane actuators about 21% weight loss upto 200-250 ºC 
was due to the removal of water molecules. Further, weight loss upto 450 ºC may be 
due to the thermal annealing of the composite materials. A horizontal curve at 500 ºC 
onwards represents the complete oxide formation. Hence, TGA thermograms of both 
KR-GR-Pt and SPEEK-Pt IPMC membranes show that there was no significant 
change in the thermal stability of both KR-GR-Pt and SPEEK-Pt IPMC membrane. 
The electrical properties of the Pt electrodes of KR-GR and SPEEK polymer 
membrane coated with Pt electrode was confirmed by current–voltage (CV) hysteresis 
curves recorded under a ±3.5 V voltage with 50 mV s-1 scan rate as shown in Figure 
6.8. The movement of the hydrated ions because of the applied electrical voltage, with 
decomposition profile of water due to electrolysis reflects the shape of I–V hysteresis 
curves [22]. It is clear from the Figure 6.8 that the slope of the I–V curve for KR-GR-
Pt IPMC membrane is significantly higher than that of the SPEEK-Pt membrane 
suggesting the fast migration of hydrated cations in KR-GR-Pt membrane actuator. It 
was also observed the current density of KR-GR-Pt membrane actuator is 
significantly higher than that of SPEEK membrane actuator as shown in Figure 6.9. 
In order to obtain the bending characteristic of KR-GR-Pt based IPMC 
actuator, a layout for analyzing the bending of KR-GR-Pt based IPMC actuator was 
designed as shown in Figure 6.10. A KR-GR-Pt IPMC actuator was fitted as a 
vertical cantilever mode on a small table. For activating KR-GR-Pt IPMC actuator, 
the voltage range (0-3.5 V dc) was applied through a customized control system. The 
customized control system was designed by combining the micro controller, digital 
analog card (DAC) and power supply. This customized control system was interfaced 
Chapter 6 
195 
 
 
 
 
 
 
Figure 6.4: Scanning electron microscopic images of KR-GR-Pt and SPEEK-Pt 
IPMC membranes before (a, c), after actuation (b, d) and cross sectional (e, f) 
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Figure 6.5: EDX graphs of KR-GR-Pt (a, b) and SPEEK-Pt (c, d) show the elemental 
composition of IPMC membrane actuators 
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Figure 6.6: XRD spectra of KR-GR and SPEEK polymer membranes 
 
 
 
 
 
 
Chapter 6 
198 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: TGA spectra showing thermal stability of KR-GR-Pt and SPEEK-Pt 
membrane actuators 
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Figure 6.8: CV curves of KR-GR-Pt and SPEEK-Pt IPMC membranes recorded 
under triangle ±3.5 V with 50 mV s-1 scan rate 
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Figure 6.9: LSV curves of KR-GR-Pt and SPEEK-Pt IPMC membranes recorded 
under 3.5 V with 50 mV s-1 scan rate 
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Figure 6.10: Layout for analysing the bending of KR-GR-Pt based IPMC actuator 
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with computer where input command was sent through Docklight V1.8 software. 
Using C programming language, a program was developed for proper activation of 
KR-GR-Pt IPMC actuator. This input command controls the voltage signal which was 
sent to the KR-GR-Pt IPMC actuator. A displacement sensor (laser type) was placed 
at 42 mm distance apart from the KR-GR-Pt IPMC actuator for computing the 
deflection behavior of the KR-GR-Pt actuator tip where it was used as feedback when 
input signal was sent through the computer via RS-232 port. A converter (Model: 
ADMAS, Make: India) was also integrated with the sensor for interpreting the data 
from RS-485 to RS-232 standard. After controlling the voltage, it was given to the 
KR-GR-Pt based IPMC actuator and it bends accordingly. The actual experimental 
test setup is presented in Figure 6.11. After turning off the voltage, the opposite 
characteristic can also be achieved for actuator application. 
During experimentation by applying the voltage (0-3.5V dc), the bending 
characteristics of KR-GR-Pt composite polymer were captured as given in Figure 12. 
The experiments were repeated to observe better bending behavior of the actuator as 
shown in Table 6.2.  A membrane of polymer actuator was cut with the dimension of 
30 mm length, 10.0 mm width and 0.09 mm thickness for experimentation purpose. 
From these experimental data, the bending (deflection) characteristic with 
voltage was plotted after getting the average deflection of five values at same voltage 
as shown in Figure 6.13.  After plotting these data, it was found that the bending 
(deflection) characteristic with voltage shows the steady state behavior and when 
voltage was turned off then the IPMC did not attain the similar behavior. There was 
some deflection error (1.0 mm). In order to minimise, a proportional derivative (PD) 
control law was applied and controller gains were set which adjusts the frequency so 
that we can accomplish the similar path at desired voltage. 
In order to obtain the force characteristic of KR-GR-Pt IPMC actuator, the ionic 
actuator was clamped in a cantilever configuration with the small table so that tip of 
actuator can be contacted to pan of load cell as shown in Figure 6.14. A standard 
digital low force measuring weighing scale/load cell was used to evaluate the load and 
it can measure the load from 0.0001-220 g. The accuracy and repeatability of this load  
is ±1 mg and ±0.1 mg respectively. The pan diameter of load cell was Φ 90 mm. 
During operation of IPMC, the voltage was sent through customized controller and 
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Figure 6.11: Experimental testing setup for actuating the KR-GR-Pt composite polymer 
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Figure 6.12: Different bending position of KR-GR-Pt based IPMC actuator 
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Table 6.2: Deflection data of KR-GR-Pt IPMC actuator at voltage range from 0-3.5 V 
S.No. Voltage (V)   Deflection reading (mm) 
Deflection 1  Deflection 2 Deflection 3 Deflection 4 Deflection 5  Average deflection value  
1 0 0 0 0 0 0 0 
2 0.5 6.0 5.8 6.2 6.1 5.9 6.0 
3 1.0 10.0 9.8 10.2 10.1 9.9 10.0 
4 1.5 12.5 12.6 12.4 12.5 12.5 12.5 
5 2.0 14.5 14.4 14.6 14.4 14.6 14.5 
6 2.5 17.0 16.8 17.1 16.9 17.2 17.0 
7 3.0 20.0 20.2 19.9 20.1 19.8 20.0 
8 3.5 22.0 22.2 21.9 21.8 22.1 22.0 
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Figure 6.13: Deflection characteristics of KR-GR-Pt composite polymer. 
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Figure 6.14: Experimental testing load setup for KR-GR-Pt based IPMC actuator. 
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voltage reading was measured using multi meter.  For finding the repeatability of this 
IPMC actuator, the experimental force values were noted as given in Table 6.3. At 
first, the force mean values were calculated after averaging the five different values. 
After that, the standard deviation (SD) was calculated and the normal/gaussian 
distribution was found using Mat-Lab 2012 software. Afterward, the normal/gaussian 
distribution function for KR-GR-Pt actuator was determined (Figure 6.15). The 
repeatability of KR-GR-Pt ionic actuator was up to 99.84%. 
In order to demonstrate KR-GR-Pt ionic actuator application, a prototype of 
multi KR-GR-Pt ionic fingers based gripping system was developed as shown in 
Figure 6.16. The KR-GR-Pt ionic fingers were integrated with aluminium based 
wrist. With the help of copper tape, voltage was sent to ionic actuator through 
customised controller so that actuation of ionic actuator can be done properly. With 
the application of a voltage (0-3.5 V dc), KR-GR-Pt ionic fingers based micro gripper 
closes and grasps the object. When we deactivate the voltage, the KR-GR-Pt ionic 
fingers based micro gripper release the object. These grasping and handling 
capabilities show the potential of dexterous handling. By demonstrating this behavior, 
it was proved that KR-GR-Pt composite polymer based IPMC actuator has better 
handling capabilities as compared to SPEEK-Pt IPMC actuator in industrial 
application. 
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Table 6.3: Force data of KR-GR-Pt based ionic actuator 
S. No. Voltage (V) 
 
Force values (mN) 
F1 F2 F3 F4 F5 Average force value  
1 0 0 0 0 0 0 0 
2 0.5 0.5003 0.4903 0.4803 0.5103 0.4703 0.4903 
3 1 0.8045 0.7845 0.7645 0.7545 0.8145 0.7845 
4 1.5 0.9506 1.0506 0.9506 0.9806 0.9706 0.9806 
5 2 1.5009 1.4909 1.4409 1.4509 1.4709 1.4709 
6 2.5 1.9132 1.8832 1.8332 1.8232 1.8632 1.8632 
7 3 2.1574 2.1874 2.1774 2.1274 2.1374 2.1574 
8 3.5 2.4516 2.4816 2.4616 2.4216 2.4416 2.4516 
Mean 
Standard Deviation 
Normal Deviation 
Repeatability 
1.2748 
0.8549 
0.1535 
99.8465% 
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Figure 6.15: Normal distribution curve for KR-GR-Pt ionic actuator  
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Figure 6.16: A prototype of multi KR-GR-Pt ionic fingers based gripping system 
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6.4 CONCLUSION 
In this chapter, a novel KR-GR-Pt composite polymer based IPMC actuator 
was fabricated and comparative study with SPEEK-Pt IPMC actuator was carried out 
and it shows that the novel KR-GR-Pt composite polymer based IPMC actuator 
exhibits better performance than SPEEK-Pt IPMC actuator under applied voltage (0-
3.5 V dc). The performance of the KR-GR-Pt IPMC membrane was better because 
addition of graphene (GR) in the kraton (KR) polymer membrane exhibits many 
exciting properties such as excellent electrical and thermal conductivity,  high surface 
area, super mechanical strength, high flexibility, high water uptake, high IEC and low 
water loss as compared to a SPEEK-Pt based IPMC. Electrical properties carried out 
by the cyclic voltammetry also confirm better actuation performance of KR-GR-Pt 
membrane. By developing a prototype of multi KR-GR-Pt ionic fingers based 
gripping system, it was demonstrated that the novel KR-GR-Pt composite polymer 
based IPMC actuator has considerable potential of industrial application. 
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In this  study,  the  tip  displacement,  proton  conductivity,  current  density,  water  uptake  and  ion  exchange
capacity  of  kraton  non-perﬂuorinated  IPMCs  are  examined  and  the  results  are  compared  with  naﬁon
based  IPMCs  membranes.  The  water  holding  capacity  of  kraton  membrane  and  naﬁon  ﬁlm  was  found
to  be  308.69%  and  16.20%,  at 65 ◦C  and  45 ◦C within  10 h  of  immersion  time, respectively.  The  kraton
membrane  and  naﬁon  ﬁlm  have  the ion  exchange  capacity  of  1.9 and  0.75  meq  g−1 of  dry  membrane,
respectively.  SEM  studies  revealed  that  the  morphology  of  naﬁon  membrane  was  negligibly  affected
after  performing  the  action  experiment  while  in  kraton  membrane  ruptures  and  notable  spaces  at  joint
were  observed.  The  electrical  properties  revealed  better  actuation  performance  of kraton  membrane.
The  tip displacement  for naﬁon  and kraton  membrane  was  also  carried  out  at 3 V DC  electrical  voltages.
Kraton  ﬁlm  showed  larger  displacement  and  therefore  actuation  as  compared  to  that  of  naﬁon  ﬁlm.
© 2014  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Ionic polymer metal composites (IPMCs) have been considered
as a promising candidate for electric stimuli sensitive materials
in actuators, bioinspired artiﬁcial muscles and sensors because of
their advantageous properties like operation at low electric voltage
(1–5 V), large dynamic deformation, lighter weight, ﬂexibility and
precise sensing ability [1–9]. Typically, an IPMC comprises of a neu-
tralized semi permeable ion exchange polymer membrane coated
with metal Pt or Au as electrode at both sides and water as inner
medium for the dissociation for metal cation. When an electric ﬁeld
is applied the metal cations move towards the negative electrode
along with water molecules. Therefore, the polymer membrane
swells near the cathode which causes a strain near the cation rich
region in IPMC membrane, resulting in bending motion in the ﬁlm
towards the anode [10]. Under dry conditions the cross-linked
cations are not free to move. However, in wet condition (on hydra-
tion) cations are surrounded by water molecules to make the whole
ﬁlm mobile. Thus, transduction in the IPMCs ﬁlm is because of the
movement of cations with the water molecules [11]. Typically, per-
ﬂuorinated IPMC membranes with the trade name of naﬁon are
being used as actuators and dynamic sensors because of its useful
∗ Corresponding author. Tel.: +91 571 2700920–23x3008.
E-mail addresses: inamuddin@rediffmail.com, inamuddin amu@yahoo.com
( Inamuddin).
properties like high proton exchange capacity, thermal, mechan-
ical and chemical stabilities [12–23]. However, its high cost as
well as high evaporation of water molecules under applied voltage
limits its further application. Therefore, researchers are work-
ing towards developing low cost non-perﬂuorinated membranes
having high water holding capacity even at high temperatures,
to replace the commercial naﬁon membranes [24–27,19]. In this
study, non-perﬂuorinated kraton polymer based ionic polymer
metal composite membranes were prepared and characterized for
bending actuation. The results are compared with that of naﬁon
membrane.
2. Experimental
2.1. Material
A naﬁon membrane (0.05 mm thick, NRE-212) (Sigma Ald-
rich), tetraamineplatinum(II) chloride monohydrate [Pt(NH3)4Cl2
·H2O (Crystalline)] (Alfa Aesar, USA) and a non-perﬂuorinated
kraton [pentablock copolymer poly((t-butyl-styrene)-b-(ethylene-
r-propylene)-b-(styrene-r-styrene sufonate)-b-(ethylene-r-
propylene)-b-(t-butyl-styrene) (tBS-EP-SS-EP-tBS))](MD9200)
(Nexar Polymer, USA), sodium borohydride and hydrochloric acid
(35%) (Thomas Baker Pvt. Ltd., India) and ammonium hydroxide
(25%) (Merk Specialties Pvt. Ltd., India) were used as received
without any puriﬁcation.
http://dx.doi.org/10.1016/j.sna.2014.04.015
0924-4247/© 2014 Elsevier B.V. All rights reserved.
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Fig. 1. Water uptake of kration and naﬁon based IPMCs ﬁlms at room temperature (25 ± 3 ◦C), 45 ◦C and 65 ◦C for a time period of 4 h, 6 h, 8 h, 10 h, 20 h and 24 h.
2.2. Membrane preparation
An ionic polymer metal composite (IPMC) ﬁlm of kraton poly-
mer  was prepared by casting 5 ml  of kraton in a petri dish
(50 mm × 17 mm)  with the help of a pipette. After casting the poly-
mer  solution, the petri dish was covered with Whatman ﬁlter paper
(No. 1) for slow evaporation of the solvents at room temperature
(25 ± 3 ◦C) for 5 h. However, evaporating the solvent in a ther-
mostated oven at and above 30 ◦C solidiﬁes kraton ﬁlm with visible
surface cracks. After drying, the ﬁlm was removed from the petri
dish with the help of a foreship and spatula. The ﬁlm was  stored in
a desiccator to carry out further studies.
2.3. Water uptake
To ﬁnd out the water uptake capacity of naﬁon and kraton
polymer ﬁlms were kept in demineralized water. A series of experi-
ments for water uptake at different time duration and temperatures
were performed. The experiments were performed at room tem-
perature (25 ± 3 ◦C), 45 ◦C and 65 ◦C, for different times 4 h, 6 h, 8 h,
20 h and 24 h as shown in Fig. 1.
2.4. Ion exchange capacity
The ﬁlms were converted into H+ ion form by placing in 1.0 M
HNO3 for 24 h followed by neutralization with demineralized water
and dried at 45 ◦C. A 0.25 g of polymer ﬁlm was cut into small pieces
and packed into a glass column. The acidic form of the ﬁlm was
converted into Na+ form by passing 1 M NaNO3 through the col-
umn  to elute the H+ ions keeping a slow ﬂow rate (∼0.5 ml  min−1).
The efﬂuent was titrated against 0.1 M NaOH solution using phe-
nolphthalein indicator. The ion exchange capacity of polymer ﬁlm
in meq  g−1 of dry ﬁlm was obtained using following formula (1)
and given in Table 1.
Ion exchange capacity
= Volume of NaOH consumed × Molarity of NaOH
Weight of the dry membrane
(1)
2.5. Electroless plating
The fabrication of ionic polymer metal composite (IPMC) mem-
branes was  started with surface roughening of membranes on both
sides which was  carried out by using mild sandpaper and fol-
lowed by cleaning ultrasonically for 30 min, i.e., electroless plating
method described in the literature [28,29].
After cleaning, the membranes were treated with an aque-
ous solution of 2.0 N HCl in hot air oven at 45 ◦C followed by
washing with demineralized water for 1 h. The membranes were
treated with 4.5 ml  of aqueous solution of 0.04 M tetraammineplat-
inum(II) chloride monohydrate and 0.1 ml  of 5.0% aqueous solution
of NH4OH, with constant stirring up to 5 h at room temperature.
After the exchange of protons of membranes with platinum ions,
the membranes were stirrer in distilled water for 15 min  to remove
excess platinum absorbed at the surface of the membranes and
then transferred to another ﬂask. A 0.5 ml  of 5% aqueous solution
of NaBH4 was  added after every 30 min  for reduction of platinum
ions into Pt metals. Further, 5 ml  of NaBH4 solution was added fol-
lowed by stirring for 1 h at room temperature. The membranes were
washed with distilled water for termination of reduction reaction.
Finally, membranes were converted into acidic form by placing
membranes in 0.1 M HCl solutions at room temperature up to 1.5 h.
2.6. Proton conductivity
The proton exchange capacity of the ionic polymer metal com-
posite (IPMC) membrane is one of the most important features to
achieve bending which occurs because of forming hydronium ions
by the existing protons at the IPMC membrane in hydrated state.
The bending movement of IPMC membrane is because of move-
ment of hydrated cation towards the cathode as shown in Scheme 1.
The proton conductivity of hydrated IPMC ﬁlm (1 cm × 3 cm)  was
Table 1
Ion exchange capacity and proton conductivity of kraton and naﬁon based IPMCs
ﬁlms.
Material Ion exchange capacity
(meq g−1 of dry membrane)
Proton conductivity ()
(S cm−1)
Naﬁon membrane 0.75 4.026
Kraton membrane 1.9 17.15
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Scheme 1. Graphical representation of bending mechanism for IPMC membrane.
determined by an impedance analyzer (FRA32M.X), connected with
Autolab 302N modular potentiostat/galvanostat used over a fre-
quency of 100 kHz and an AC perturbation of 10 mV  was applied
to the cell. Before performing the experiment, the membrane was
immersed in demineralized water for 12 h. The whole experiment
was performed in water at room temperature (25 ± 3 ◦C) and the
proton conductivity () was calculated using Eq. (2) as follows:
 = L
R × A (2)
where  is proton conductivity in (S cm−1), L is the thickness of
membrane in (cm), A is cross-sectional area of polymer membrane
(cm2) and R is the resistance (Ohm) [30].
3. Results and discussion
3.1. Water uptake
Type of polymer, solvent, counter ion, immovable ion and sol-
vent uptake are the fundamental causes for better performance of
ionic polymer metal composite (IPMC) membrane. The bending
of membrane under an applied electric ﬁeld is based on migra-
tion of solvated cation and water molecules towards cathode. The
higher the water uptake, better will be the performance of IPMC
ﬁlms. It is observed from Fig. 1 that the water uptake capacity of
naﬁon based IPMC ﬁlm at room temperature (25 ± 3 ◦C) increases
with the increase of immersion time up to 10 h and after that sat-
uration was  found predominant. In case of kraton polymer ﬁlm
similar results were obtained with the water holding capacity 13
times greater than that of naﬁon membrane. The water holding
capacity of naﬁon and kraton ﬁlms at 45 ◦C and 10 h of immersion
was found to be 16.20% and 242%, respectively. After increasing
the temperature up to 65 ◦C the water holding capacity of naﬁon
ﬁlm decreases signiﬁcantly. However, the water uptake capacity
of kraton ﬁlm increases at 65 ◦C up to 20 h of immersion time.
The results showed that the kraton polymer membrane is hav-
ing higher water uptake capacity than the naﬁon membrane. This
may  be because of the presence of more active thermally enlarged
Fig. 2. SEM micrograph of IPMCs before actuation (a) kraton membrane (b) naﬁon membrane and after actuation (c) kraton membrane (d) naﬁon membrane.
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Fig. 3. Cross-sectional SEM micrographs of IPMCs of (a) kraton membrane (b) naﬁon membrane.
SO3H sites at kraton ﬁlm as compared to naﬁon ﬁlm. Because of
high water uptake of IPMCs ﬁlms even at higher temperature, more
hydrated cation can move through the membrane to actuate the
IPMC ﬁlms.
Fig. 4. Water loss from naﬁon and kraton based IPMC ﬁlms on applying 3 V electrical
voltage at 5 min, 8 min  and 10 min.
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Fig. 5. Cyclic voltammetric curves of naﬁon ﬁlm and kraton membrane as a function
of voltage obtained at ±3  V (triangle) with a scan rate of 100 mV s−1.
3.2. Ion-exchange capacity and proton conductivity studies
The ion exchange capacities and proton conductivities of kra-
ton and naﬁon ﬁlms were found to be 1.9 meq  g−1, 17.15 S cm−1
and 0.75 meq  g−1, 4.026 S cm−1, respectively (Table 1). The high
ion exchange capacity and proton conductivity of kraton polymer
ﬁlm will enable higher water uptake favoring the quick move-
ment of more hydrated cations towards cathode creating a pressure
towards anode, resulting in larger and faster actuation than the
naﬁon ﬁlm.
3.3. Scanning electron microscope (SEM) study
The performance and bending behavior of IPMC is directly
related to migration of metal cation and electroosmosis of inner
solution. The morphology of IPMC ﬁlm plays an important role in
the transport of ion and therefore in the conductivity behavior [31].
Fig. 2(a–d) showed the SEM images of the surface morphologies of
kraton and naﬁon ﬁlms before and after applying electrical voltage
of 3 V during bending of the ﬁlms.
Fig. 2(a) and (b) showed that a smooth Pt electrode surface
with well interconnected large domains leaving behind negligible
space at joints can be seen easily in the SEM micrographs of fresh
naﬁon ﬁlms, while spaces at joints are predominant on kraton ﬁlms
because of the presence of scattered SO3H groups.
The electrode surfaces of naﬁon and kraton IPMCs ﬁlms after
performing the actuation test are damaged to some extent. Naﬁon
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Fig. 6. LSV of naﬁon membrane and kraton ﬁlms IPMCs at 3 V.
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Fig. 7. Displacement images of kraton ﬁlm and naﬁon membrane at varying times under 3 V dc.
ﬁlm showed few small interconnected and slightly rough domains
with some ruptures while notable spaces at joints can be seen in
the kraton micrograph because of the presence of scattered SO3H
groups Fig. 2(c) and (d).
SEM micrographs shown in Fig. 3(a) and (b) depicts the cross-
sectional images of the fresh kraton and naﬁon ﬁlms. The Pt
particles penetration in the IPMC membranes can be easily seen.
It is also observed the denser aggregation of Pt particles in kra-
ton membrane is leading to the granular damming which provides
a good protection against water loss. This is because of the fact
that the dense aggregation hinders in the path of ﬂow of water
molecules.
3.4. Water loss from polymer membrane
One of the important reasons for the short lifetime of IPMC ﬁlm
is the water loss from membrane and damage of electrode layer.
The mechanisms behind loss of inner solvent include (a) evapora-
tion of water, (b) leakage from damaged or porous surface and (c)
electrolysis. Water loss of preweighed membrane was  determined
by applying an electric voltage of 3 V at different interval of time,
i.e., 5 min, 8 min  and 10 min. The results are given in Fig. 4. The
results showed the water loss for naﬁon and kraton membranes
was found to be 23% and 39%, respectively, after applying an elec-
tric voltage of 3 V for a maximum time of 10 min  (Fig. 4). The water
loss of kraton membrane is lower than that of naﬁon with respect
to the water holding capacity of kraton membrane (308.69%) and
naﬁon ﬁlm (16.20%) (Fig. 1). The water loss may  be because of the
water leakage from damaged surface and/or electrolysis.
3.5. Electrical property
The electrical properties of IPMC membranes were explored by
employing potentiostatic cyclic voltammetry. The performance of
the Pt electrodes of naﬁon and kraton polymer membranes was
conﬁrmed by current–voltage hysteresis curves recorded under a
±3 V voltage with 100 mV/s scan rate as shown in Fig. 5. The move-
ment of the hydrated ions because of the applied electrical voltage,
with decomposition proﬁle of water due to electrolysis reﬂects the
shape of I–V hysteresis curves. It was observed the slope of the
I–V curve for kraton membrane is signiﬁcantly higher than that of
the naﬁon membrane suggesting the fast movement of hydrated
cations and slow evaporation of water in kraton membrane. It was
also observed the current density of kraton membrane is signif-
icantly higher than that of naﬁon membrane as shown in Fig. 6.
This study proves the better actuation performance of kraton mem-
brane.
The actuation performance of kraton and naﬁon membranes
was evaluated by measuring the tip displacement under an electric
potential of 3 V. The tip movement between two adjacent positions
was measured horizontally, vertically, and diagonally based on the
curvature generated from the initial position to last point of dis-
placement. The results are shown in Fig. 7. The displacement results
showed that within ca. 100 s, a displacement of ca. 40 mm was
achieved for kraton membrane while naﬁon membrane showed
a displacement of ca. 23 mm within ca. 100 s. The tip displacement
from the original position to the displaced position can be clearly
seen in Fig. 7. However, the back relaxation for the both of the mem-
branes was found to be slow and is achieved within ca. 200 s for
kraton membrane and ca. 320 s for naﬁon ﬁlm.
4. Conclusion
The IPMCs membranes of kraton and naﬁon membranes were
prepared by electroless plating method to examine their actuation
performance. Both of the membranes were characterized for their
water holding capacity and it was found that the kraton membrane
has higher water uptake than that of naﬁon. Electrical properties
carried out by the cyclic voltammetry also conﬁrmed the better
actuation performance of kraton membrane. The tip displacement
study also revealed fast actuation of kraton membrane.
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Abstract
In the present study, a novel sulfonated poly(vinyl alcohol)/polypyrrole polymer membrane
sandwiched between platinum (SPVA-Py-Pt) is fabricated for a bending actuator which can be
used in microrobotic applications. To examine the suitability of SPVA-Py-Pt based ionic
polymer metal composite (IPMC) for microrobotic applications, ion exchange capacity (IEC),
water uptake, proton conductivity, water loss, cyclic voltammetry (CV), linear sweep
voltammetry (LSV), Fourier transform infrared spectroscopy (FTIR), thermal stability, and tip
displacement studies are performed. The water holding capacity of the IPMC membrane is found
to be 82.23% at room temperature for 8 h of immersion time. The IEC and proton conductivity of
the IPMC membrane is found to be 1.2 meq g−1 and 1.6 × 10−3 S cm−1, respectively. Maximum
water loss from IPMC is achieved as 31% at 5 V for a time period of 16 min. Based on
electromechanical characterization, the maximum tip displacement of SPVA-Py-Pt IPMC (size
30 mm length, 10 mm width, 0.08 mm thickness) is 18.5 mm at 5.25 V. The major advantages of
this new type of IPMC are good ﬁlm-forming capability, short processing time, low cost of
fabrication, good ﬂexibility, high thermo-mechanical stabilities, good ion exchange and water
holding capacities and proton conductivity as compared to other types of IPMC actuators. The
comparison with other type of IPMC actuators is also summarized. A multi SPVA-Py-Pt IPMC
based micro-gripping system is developed that shows the potential of microrobotic applications.
Keywords: SPVA-Py-Pt, membrane fabrication, water uptake, ion exchange capacity, bending
IPMC actuator, micro gripper
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction
In the past decade, a variety of electroactive polymers have been
widely studied as they provide substantial deformations in
response to electric voltage signal [1−4]. Among the electro-
active polymers (EAPs) for example dielectric elastomers,
conducting polymers, ionic gels, carbon nanotubes based
actuators, ionic polymermetal composites (IPMCs) actuators are
considered attractive to the researchers because they are driven
electrically at low voltage [5−8]. IPMC is one of most ﬂexible
and compliant smart materials because it exhibits large strain
where the induced force is generated by providing electrical
stimulation and the stiffness of material is controlled through a
voltagewhich provides a dexterous behavior of IPMC [9−14]. In
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particular, IPMCs conjugate their electromechanical coupling
capability while working as actuators. These actuators can be
used in soft robots, micro-grippers and microrobots for micro-
robotic assembly, artiﬁcial muscles, and in aerospace and bio-
medical applications [15−22]. An IPMC is a polymer ﬁlm
sandwiched between platinum (Pt), silver (Ag) or gold (Au)
electrodes, developed by electroless or chemical plating. Under
an applied electric voltage, cations in the IPMCmembrane along
with water molecules move towards the cathode leading to
bending displacement towards the anode [23, 25, 26]. The
movable cations present in the IPMC membrane are not free to
move in the dry state of the membrane. Thus, the deformation in
the IPMC ﬁlms is because of the movement of cations with the
water molecules [27]. Various perﬂuorinated polymer-based
ionomers are commercially available for IPMC actuator appli-
cations because of their good chemical and physical properties
[28−32]. However, loss of proton conductivity at temperatures
higher than 80 °C and low humidity due to drops in proton
conductivity, aswell asmembrane dehydration and the high cost
of perﬂuorinated membranes are major drawbacks of these
polymers. Therefore, to substitute the perﬂuorinated ionic
polymers with non-perﬂuorinated ionic polymers that hold onto
an excessive amount of water (H2O) in a broad temperature
range and are also very cheap to synthesize compared to per-
ﬂuorinated polymers are particularly attractive [33]. Over the
last decade, scientists and engineers have been working together
to modify conventional ionic polymeric materials as an alter-
native to the perﬂuorinated ionic polymers as bending actuators.
Several types of sulfonated and carboxylated ionic polymers
such as sulfonated styrene (s-Sty) [34−38], sulfonated poly
(vinyl alcohol) (s-PVA) [39, 40], sulfonated poly(arylene ether
sulfone) (s-PAES) [41], sulfonated polyetherimides (s-PEI)
[42, 44] and sulfonated polyimides (s-PI) based ionomeric
polymers [45], have been investigated to prepare IPMC actua-
tors. These IPMCs are characterized for their bending defor-
mation, thermal stability and tip displacement. However, back
relaxation is the foremost drawback of ionic polymer-metal
composite actuators that limits the bending movement and
effective frequency range [46−48]. Furthermore, rapid water
loss from IPMC membranes upon applied electric potential
causes fast performance decay, back relaxation behaviour
and long processing times [49], which are the major problems
of IPMC actuators. To overcome these problems, a non-
perﬂuorinated sulfonated poly(vinyl alcohol) and polypyrrole
(SPVA-Py) based IPMC membrane with Pt electrode (SPVA-
Py-Pt), using an electroless plating method is proposed in this
paper. The actuation principle of this actuator is similar to the
Naﬁon-based IPMC actuator because the property of non-per-
ﬂuorinated sulfonated poly(vinyl alcohol) and polypyrrole is
similar to Naﬁon. The ionomeric membrane should possess
ﬁxed cationic groups such as –SO3
2−, −PO4
2− etc. Naﬁon is a
perﬂuorinated sulphonated polymer while poly(vinyl alcohol)
is a non perﬂuorinated, sulphonated polymer. Non-per-
ﬂuorinated polymers have various advantages such as goodﬁlm-
forming capability, short processing time, low cost of fabrica-
tion, good ﬂexibility, high thermo-mechanical stabilities, and
easy modiﬁcation of chemical properties such as ion exchange
and water holding capacities, and proton conductivity. The
coating of the conducting polymer over a conventional ionic
polymer metal composite actuator may enhance the actuator
performance by preventing the formation of ‘mud cracks’ [26].
In this study the same principal of using polypyrrole coating over
a non-ﬂuorinated organic polymer was applied. The use of the
nonﬂuorinated polymer as an ionomeric membrane has sig-
niﬁcant advantages over the perﬂuorinated one. Therefore,
SPVA-Py-Pt IPMC actuators can provide an easy and reliable
solution for the realization of novel actuators as well as the
possibility of industrial applications. The major studies are the:
(a) design and development of a novel SPVA-Py IPMC
membrane with a Pt electrode (SPVA-Py-Pt) using an
electroless plating method based microgripping system;
(b) characterization of an SPVA-Py-Pt ionic actuator and
demonstration for microgripping system.
Both of these contributions lead to a new era of IPMC
actuator using SPVA-Py-Pt which has large deﬂection cap-
ability for developing the microrobotic system. The proposed
Figure 1. Graphical representation for the fabrication and bending of
an IPMC membrane. Figure 2. % water uptake of an SPVA-Py-Pt ionic actuator.
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IPMC has remarkably large ﬂexibility in comparison to other
smart materials e.g. piezoelectric, EAPs and shape memory
alloys [1−4]. Other important advantages of this study include
the small operating voltage (0−5.25 V), light in weight, use in
different sizes and shapes and need of simple controller for
the development of microrobots. The paper is structured as
follows: in section 2, the fabrication technique of an SPVA-
Py-Pt based IPMC actuator is described where materials and
the preparation procedure is mentioned; in section 3, the
results are presented and discussions are made on the various
chemical, electrical, electromechanical and mechanical
properties of an SPVA-Py-Pt ionic actuator; in section 4 the
design and development of an SPVA-Py-Pt IPMC based
microgripping system is discussed; and in section 5 the
conclusions of the study are summarized.
2. Fabrication technique of an SPVA-Py-Pt based
IPMC actuator and its properties
In this section, the fabrication procedure using an electroless
plating method for developing an SPVA-Py-Pt based IPMC
Table 1. The IEC and proton conductivity of the SPVA-Py-Pt membrane.
Material Ion exchange capacity (meq g−1 of dry membrane) Proton conductivity (σ) (S cm−1)
SPVA-Py-Pt 1.2 1.6 × 10−3
Figure 3. SEM graphs of SPVA-Py-Pt membrane before and after actuation.
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actuator is discussed. The type of polymer, reagent solution,
construction technique, as well as its properties are described
in different subsections.
2.1. Materials used for developing an SPVA-Py-Pt based IPMC
actuator
In order to develop the SPVA-Py-Pt based IPMC actuator,
poly(vinyl alcohol) (cold), ferric chloride, hydrochloric acid
Figure 5. % of water loss of SPVA-Py-Pt IPMC membrane.
Figure 6. Microstructure behaviour of SPVA-Py-Pt IPMC membranes.
Figure 7. Current−voltage (I–V) hysteresis curve.
Figure 8. Electrical circuit for improving the I−V performance.
Figure 4. FTIR spectra of SPVA-Py-Pt IPMC membrane.
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(HCl) (35%) (Central Drug House Pvt. Ltd., India),
4-sulfophthalic acid (50 wt% solution in water) (Sigma-
Aldrich Chemie Pvt. Ltd. USA), ammonium hydroxide (25%)
(Merk Specialties Pvt Ltd., India), tetra-amineplatinum (II)
chloride monohydrate [Pt(NH3)4Cl2.H2O (Crystalline)] (Alfa
Aesar, USA), pyrrole (Spectrochem Pvt. Ltd. India), sodium
borohydride (NaBH4) (Thomas Baker Pvt. Ltd. India), and
toluene (Merk Specialties Pvt. Ltd. India) are used.
2.2. Preparation of the reagent solutions
The solutions of ferric chloride (0.1 M) and pyrrole (33.33%,
v/v) are prepared in demineralised water and toluene,
respectively. An aqueous solution of tetra amineplatinum (II)
chloride monohydrate (0.04M), NH4OH (5.0%) and NaBH4
(5.0%) are prepared using demineralised water.
2.3. Fabrication of membrane
An aqueous solution of poly(vinyl alcohol) (PVA) is prepared
by dissolving PVA (4 g) in demineralised water (100 ml) and
stirring at 60 °C for 6 h. The solution is ﬁltered and to the
ﬁltrate, 4 ml of 4-sulfophthalic acid is added for sulfonation,
followed by constant stirring for 15 h at 60 °C. The homo-
geneous solution of sulfonated (polyvinyl alcohol) (SPVA)
polymer is then cast in a Petri dish (50 × 17 mm), covered by
using Whatman ﬁlter paper, and left for slow evaporation of
the solvent at 45 ± 1 °C in a thermostat oven. The dried ﬁlm is
removed from the Petri dish. In situ polymerization of the
pyrrole monomer is carried out by adding FeCl3 and pyrrole
monomer solutions in a 1:1 ratio into the SPVA membrane by
putting it in a beaker with constant stirring for up to 30 min.
Gradually a black layer is deposited over the SPVA mem-
brane. The in situ polymerized membrane is kept for 5 h at
room temperature (25 ± 3 °C) for digestion. After 24 h, the
in situ polymerized membrane is rinsed with demineralised
water followed by drying at room temperature (25 ± 3 °C).
Finally, the SPVA-Py-Pt ionic actuator is kept in distilled
water at normal room temperature for analysis purposes.
2.4. Water uptake or water holding capacity
The water holding capacity of the SPVA-Py membrane
is determined by measuring the change in weight after water
absorption. To determine water uptake a pre-weighed mem-
brane is immerse into distilled water at room temperature as
well as at an elevated temperature 45 °C for different durations
(2, 4, 6, 8, 10 and 20 h). After wiping the surface water by using
tissue paper, the membranes are weighed quickly to determine
the weight of the wetted membranes. The water holding capa-
city of the membrane, W, is calculated as given below:
W
W W
W
100% (1)
wet dry
dry
=
−
×
where Wdry, and Wwet are the weight of dry and water-sorbed
membranes, respectively.
Figure 9. Linear sweep voltammetry (LSV) of SPVA-Py-Pt
membrane at 3 V.
Figure 10. Schematic diagram for analyzing the bending behaviour of IPMC actuator .
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Figure 11. Actual test setup for bending behaviour of the IPMC actuator.
Figure 12. Bending behaviour of IPMC actuator.
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2.5. Ion exchange capacity (IEC)
The ion exchange capacity of the SPVA-Py membrane is
determined by an acid–base titration. The pre-weighed dry
SPVA-Py membrane is immersed in an HNO3 solution (1 M)
for 24 h to convert it into its H+ form followed by neu-
tralization with distilled water and dried at 45 °C. The small
pieces of the membrane are packed in a column and 1M
NaNO3 solution is passed at the ﬂow rate of 0.5 ml min
−1 to
elute out all the replaceable H+ ions from the membrane. The
number of H+ ions eluted out from the membrane is calcu-
lated by titrating the efﬂuent against a NaOH solution (0.1 M)
as titrant with the help of a phenolphthalein indicator. The ion
exchange capacity is calculated as given below:
Ion exchange capacity ((Volume of NaOH
consumed Molarity
of NaOH) /Weight of
the dry membrane) (2)
=
×
2.6. Electroless plating
The electroless plating method is used for the fabrication of
the IPMC membrane [50, 51]. An IPMC membrane of size
1 × 3 cm2 is ﬁrst roughened by mild sand paper on both sur-
faces followed by cleaning by ultrasonic bath. The membrane
is further treated with 2M HCl for 6 hr followed by washing
with demineralised water to remove excess acid. Ion
Table 2. Experimental data of IPMC deﬂection with applied voltages.
Deﬂection reading (mm)
Voltage (V) Deﬂection 1 Deﬂection 2 Deﬂection 3 Deﬂection 4 Deﬂection 5 Average value of deﬂection (mm)
0 0 0 0 0 0 0
0.75 2.1 1.8 1.9 2.2 2.0 2.0
1.50 4.2 4.0 3.9 3.8 4.1 4.0
2.25 5.5 5.6 5.3 5.5 5.6 5.5
3.0 9.4 9.6 9.5 9.8 9.2 9.5
3.75 12.4 12.5 12.2 12.6 12.8 12.5
4.5 16.1 15.9 16.1 15.8 16.1 16.0
5.25 18.4 18.6 18.5 18.2 18.8 18.5
Figure 13. Bending behaviour of the SPVA-Py-Pt based ionic
actuator.
Figure 14. Testing setup for tip force response of an SPVA-Py-Pt
based ionic actuator.
Table 3. Speciﬁcation of balance/load cell.
Type Analytical balance
Model Citizon CX-220
Weighing capability 0.0001–220 g
Readability (d) 0.1 mg
Accuracy (e) 1 mg
Repeatability (Std.
deviation)
0.1 mg
Linearity 0.2 mg
Response time 3 s
Pan size Ø90 mm
Weighing chamber
height
228.5 mm
Dimension 342.5 × 212 × 341 mm
Frequency 50/60 Hz
Operating temperature
range
18 to 30 °C
DC power source/Power
requirement
DC Adopter, Input 100−240 0.8 A and
Output 13 V/1.5 A
Built-in-interface RS-232
Format 1 start bit, 8-bit ASCII, parity, 1 or 2
stop bit
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exchange is preceded by treating the membrane with aqueous
solutions of 4.5 ml of tetra amineplatinum (II) chloride
monohydrate (0.04M) and 1.0 ml of NH4OH (5.0%) in a
10 ml conical ﬂask with constant stirring for up to 5 h. After
the exchange of H+ ions with the Pt ions, the membrane is
rinsed with demineralised water thoroughly for the removal of
the Pt ions present at the surface of membrane. For the
reduction of Pt ions, 1 ml 5% aqueous solution of NaBH4 is
added after every 30 min. Finally, 5 ml of NaBH4 solution is
added and the membrane in the solution is stirred for 1 h at
room temperature. Now, the membrane is washed with
demineralised water and subsequently treated with 0.1 M HCl
at room temperature for 1.5 h. Figure 1 shows the graphical
representation of an IPMC membrane sandwiched between Pt
electrodes and its bending behaviour upon an applied electric
potential.
2.7. Proton conductivity
Proton conductivity of the SPVA-Py-Pt membrane is deter-
mined by an impedance analyzer (FRA32M.X) connected
with Autolab 302N modular potentiostate/galvanostate over a
frequency of 100 KHz. Prior to the proton conductivity
measurement, the membrane is immersed in demineralised
water for 2 h to attain hydration equilibrium. The whole
experiment is performed at room temperature and proton
conductivity (σ) is determined with the help of the formula
given below:
L
R A
(3)σ =
×
where σ, L, A and R are the proton conductivity in (S cm−1),
thickness of membrane in (cm), cross-sectional area of
membrane (cm2) and resistance (ohm), respectively.
3. Results and discussions
In this section, various chemical, electrical, electromechanical
and mechanical properties of the SPVA-Py-Pt ionic actuator
are discussed.
Table 4. Experimental force data of IPMC deﬂection with applied voltages.
S. No. Voltag (V)
Force value
(F1) in mN
Force value
(F2) in mN
Force value
(F3) in mN
Force value
(F4) in mN
Force value
(F5) in mN
Average force value
(F) in mN
1 0.75 0.088 0.011 0.108 0.078 0.098 0.076
2 1.5 0.206 0.186 0.177 0.216 0.196 0.196
3 2.25 0.383 0.412 0.373 0.392 0.402 0.392
4 3.0 0.755 0.785 0.765 0.804 0.814 0.784
5 3.75 0.863 0.883 0.873 0.893 0.903 0.883
6 4.5 1.452 1.472 1.462 1.481 1.491 1.471
7 5.25 1.844 1.864 1.854 1.874 1.884 1.864
Figure 15. Normal distribution function for the SPVA-Py-Pt based
ionic actuator.
Table 5. Comparison of SPVA-Py-Pt based IPMC with other IPMC actuators.
Type of IPMC
Properties
SPVA-Py-Pt
based IPMC
Naﬁon based
IPMC [28]
Kraton based IPMC
actuator [33]
Sulfonated poly-
Etherimide [42]
Dimension
(length ×width × thickness)
30× 10× 0.08 mm 30× 6.0× 0.2 mm 30× 10× 0.2 mm 30 mm×5 mm× 0.198mm
Water uptake 82.3% 16.70% 309.69% 26.4%
Tip displacement 18.5 mm 12 mm 40 mm 2.7 mm
Ion-exchange capacity 1.2 meq g−1 0.98 meq g−1 1.9 meq g−1 0.553 meq g−1
Proton conductivity 1.6 × 10−3 S cm−1 9.0 × 10−3 S cm−1 17.15 S cm−1 1.4 × 10−3 S cm−1
Current density 5.5 mA cm−2 0.03 mA cm−2 0.05 mA cm−2 5 × 10−4 mA cm−2
Water holding capacity 82.3% 16.70% 309.69% 26.4%
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3.1. Chemical Properties
3.1.1. Water uptake or water holding capacity. The bending
behaviour of IPMC membranes under an applied potential is
due to the movement of cations along with water moiety
towards the cathode. The performance of IPMC actuators is
supposed to depend upon factors such as the nature of
polymers, replaceable/counter ions, immovable ions and
solvent holding capacity. The higher water uptake gives
better performance. From ﬁgure 2, it is evident that the
maximum water holding capacities of SPVA-Py-Pt
membranes at 45 °C for 6 h of immersion time and at room
temperature (25 ± 3 °C) for 8 h of immersion time are 80 and
82.23%, respectively and after a certain time interval the
water holding capacity of the membrane decreases due to
saturation of the available sites for water uptake. The water
uptake is time dependent. At equilibrium the water uptake
would be maximum and after equilibrium it would decrease.
It is due to the kinematic chemistry of the material. After that
saturation is found to be predominant. The high water uptake
capacity due to the presence of –SO3
2− groups at the SPVS-Py-
Pt membrane is responsible for better bending performance.
3.1.2. Ion exchange capacity and proton conductivity. The
ion exchange capacity (IEC) and proton conductivity of the
membrane are found to be 1.20 meq g−1 and 1.6 × 10−3 S cm−1
respectively, as shown in table 1. The high proton
conductivity of the SPVA-Py-Pt membrane enables the
better performance of the polymer membrane by the
transfer of more protons through the membrane. The high
IEC value of the SPVA-Py membrane allows a higher level of
water uptake and also allows more Pt particles to be deeply
rooted on both surfaces of the IPMC membrane. The higher
the Pt particles’ density on the surface, the lower the
resistance, and hence a fast and large bending performance
is achieved [52, 53]. However, the higher water uptake is not
necessarily responsible for high proton conductivity [54]. The
high proton conductivity of the IPMC membrane indicates
that more hydrated cations can move quickly toward the
cathode side, showing a large displacement and fast
actuation [52].
3.1.3. SEM property. For obtaining surface and cross
sectional micrographs, a scanning electron microscope
(SEM) (Model: Jeol (JSM6510 LV), Make: Japan) is used.
SEM micrographs of an SPVA-Py-Pt membrane before and
after actuation at different magniﬁcations are shown in
ﬁgures 3(a)–(d). The smooth surface of the SPVA-Py-Pt
membrane (ﬁgures 3(a)–(c)) changes into a slightly rough
surface with a few visible cracks upon applied electric voltage
(ﬁgures 3(b)–(d)). Thus, there is very little change in the
Figure 17. Detailed dimensions of IPMC based microgripper.
Table 6. Detailed designed parameter of IPMC microgripper.
Design parameter Value
Length of each IPMC 30 mm
Width of each IPMC 10 mm
Thickness of each IPMC 0.08 mm
Circular aluminium base 20 mm
Dimension of handling
object
ϕ20 mm diameter and 10 mm height
of the object
Weight of handling object 95 mg
Figure 16. CAD model of an SPVA-Py-Pt based IPMC actuator based microgripping system.
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surface morphology of the SPVA-Py-Pt membrane after
application of electric potential. Therefore, it is assumed that
the leakage of water from the fractured electrode layer
responsible for the short life time of the SPVA-Py-Pt IPMC
membrane actuator would be negligible. Hence, electrolysis
and natural water evaporation are major factors involved in
the water loss from the IPMC membrane. The cross-sectional
image of an SPVA-Py-Pt membrane is also taken as shown in
ﬁgure 3(e) where the Pt electrode layer on the surface of the
IPMC membrane can be clearly seen. The microscale mud
cracks/damages observed on the overall electrode surface
decreases the performance of the actuator because water
molecules evaporate and metallic cations can leak out through
the cracked metallic electrodes, resulting in a reduced
actuation performance for long-term actuation.
3.1.4. FTIR property. The Fourier transform infrared
spectroscopy (FTIR) of the SPVA-Py membrane is obtained
by Perkin Elmer Spectrometer, USA. The spectrum of the
membrane is recorded between 500−4000 cm−1. Figure 4
shows the FTIR spectra of the SPVA-Py-Pt membrane
indicating the presence of functional groups of −SO3H,
PVA and polypyrrole. The bands at 3400 cm−1 and 1000,
1150 cm−1 are assigned to the stretching vibrations of
hydroxyl group (−OH) and C−O stretching, respectively
[55]. Further a characteristic C=O band appears at 1757 cm−1.
The bands around 1030 and 1140 cm−1 are attributed towards
bending vibrations and band around 1270 cm−1 is assigned to
C−N stretching of polypyrrole. Another band at 871 cm−1 is
assigned to =C−H in-plane vibration [56, 57]. The bands
around 1500 and 1460 cm−1 are assigned to C=C and C−C
stretching vibrations, respectively.
3.1.5. Water loss properties of IPMC membrane. The main
factors for the small life of ionic polymer metal composite
membrane actuators are damage of the electrode layer and
loss of water [27, 39]. The water loss from the IPMC
membranes is determined by weighing the pre-weighed
membrane after applying 3, 4 and 5 V electric potential for
different intervals of time (4, 8 and 12 min) as shown in
ﬁgure 5. It shows that water loss from the IPMC membrane
increases with the applied voltage accordingly. The micro
structures before and after applying the voltage are shown in
ﬁgure 6. The maximum water loss for an SPVA-Py-Pt
membrane is found to be 31% at 5 V for a maximum time of
16 min. The slow water loss from an SPVA-Py-Pt IPMC
membrane shows the better performance.
3.2. Electrical properties
The electrical property of the ionic polymer metal composite
membrane is determined by cyclic voltammetry. A current
−voltage (I−V) hysteresis curve is recorded under an applied
triangle voltage of 6 V with a scan rate of 100 mV s−1
(ﬁgure 7). It is observed from the I−V curve that the current
density of the ionic polymer metal composite membrane
actuator is considerably increased with the applied voltage.
The higher proton conductivity and smoothness of the elec-
trode surface are signiﬁcant parameters for higher current
density of IPMC membrane. The observed current density of
the SPVA-Py-Pt ionic polymer metal composite membrane is
signiﬁcantly higher than Naﬁon, Kraton and sulfonated
polystyrene-based ionic polymer metal composite membrane
actuators [33, 34]. In order to improve the quality of actuation
with the required current rating, electrical resistance is one of
the most important parameters. For achieving the required
electrical characteristics of the power supply, an electrical
circuit is developed as shown in ﬁgure 8. By using the
appropriate current rating (50−300 mA), the considerable
change in the curvature of the actuator is observed. This
provides the large deﬂection without any damage of the
IPMC structure. The electrical resistance of the electrode is
128Ω. The higher the current density, the higher the bending
Figure 18. Multi-ﬁngers based microgripping system using SPVA-Py-Pt based ionic actuator.
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deformation under an applied electric potential. It is also
observed from ﬁgure 9 that the current density of the mem-
brane sharply increases at 1.5 V from 1 to 5.5 mA cm−2. This
shows better performance for this particular type of IPMC
membrane.
3.3. Electromechanical characteristics
The deﬂection with voltage of the SPVA-Py-Pt membrane
actuator is measured by using the experimental testing setup
as shown in ﬁgure 10 where the membrane actuator is ﬁxed in
a holder as a cantilever conﬁguration. The voltage between 0
−5.25 V dc is applied to the membrane actuator through a
computer controlled digital analog card (DAC) and micro-
controller with a PD control algorithm. The desired current
(50−200 mA) to the membrane actuator is provided by using
a custom made ampliﬁer circuit. Both surfaces of the SPVA-
Py-Pt strip are connected to an ampliﬁer circuit through wires
and copper tapes. An electrical signal is provided by a
microcontroller and is given by an input command. When the
voltage is applied through DAC to IPMC, the current rating is
supplied to the IPMC (20 mA) from the DAC. This is the
limitation of the DAC card as the IPMC needs more than
50 mA for proper functioning purposes. Due to this reason, an
error signal is originated in the system and a feedback device
is used for correcting the error during sending the voltage
signal. The laser displacement sensor (Model- OADM
20S4460/S14F, Make: Baumer Electronic, Germany) is used
as a feedback system for tracking the current tip position of
the actuator. After applying the voltage through a customized
control system, the tip displacement is controlled through a
PC interface as an input command. Using this sensor as a
feedback continuously checks the current deﬂection value and
it also provides information regarding reaching the desired
deﬂection value. If there is any difference between the desired
and current deﬂection values, then the error signal is gener-
ated accordingly. This error is compensated through this
feedback system. Thus, this feedback system plays a vital role
to achieve the exact tip deﬂection of the IPMC. A converter is
also used for converting the data from RS-485 to RS-232
protocol. The data is collected by Docklight V1.8 software
through an RS-232 port in a computer. A computer code is
written in C programming language where the sampling rate
(20 samples per second) is set for controlling the IPMC. The
IPMC actuator bends on its positive side at the desired vol-
tage as shown in ﬁgure 11. By changing the polarity, the
reverse behaviour can be obtained.
The experimental data of the bending response of IPMC
using SPVA-Py-Pt material (size 30 mm length × 10 mm
width × 0.08 mm thickness) at different voltages (0−5.25V
DC) are obtained as shown in ﬁgure 12. The deﬂection data
are obtained for ﬁve times at different voltages as given in
table 2.
For plotting the bending characteristic in terms of
deﬂection with voltage, the average of ﬁve values at the same
voltage are taken and plotted in ﬁgure 13. When voltage is
reduced from high to low the IPMC does not follow the same
path to return to its original position (ﬁgure 13). It is observed
that the IPMC has a deﬂection error of 0.4 mm. A PD Control
system is applied for minimizing the deﬂection error in which
the bandwidth is controlled through a frequency. When the
frequency in the controller is increased, the actuation time
of the IPMC decreases and stability also decreases. For
achieving the fast response of the IPMC, the frequency is
adjusted by proper tuning of gains in the PD controller which
provides balance of the response time and stability.
3.4. Mechanical property (force characteristics)
For measuring the force behaviour of an SPVA-Py-Pt based
ionic actuator, the IPMC membrane is placed in a holding
ﬁxture as shown in ﬁgure 14. A high accuracy load cell is
used for measuring the load of IPMC. The speciﬁcation of
balance/load cell is given in table 3. Voltage is also measured
using a multi-meter while the IPMC membrane is in use. The
experimental data are observed as shown in table 4. The
standard deviation (SD) is calculated for ﬁve different force
values (F1, F2, F3, F4 and F5) corresponding to the voltage
range (0−5.25V). Out of the ﬁve force values, a mean value is
calculated which is used to calculate the standard deviation
(SD). The standard deviation is obtained as 0.673. The normal
distribution function for an SPVA-Py-Pt based ionic actuator
is shown in ﬁgure 15. By using the normal distribution
function, the repeatability of the SPVA-Py-Pt based ionic
actuator is found to be 97.2% and it can be used for the
development of microrobot.
The comparison of different properties with different
kind of IPMCs are summarised in table 5. It shows that the
properties of the SPVA-Py-Pt based IPMC is much better
than other types of IPMC like Naﬁon, Kraton based
IPMCs, etc.
4. Design and development of an SPVA-Py-Pt IPMC
actuator based microgripping system
After characterization of an SPVA-Py-Pt based ionic actuator,
a compliant multigripping system along with a dedicated
control system using an SPVA-Py-Pt based ionic actuator is
developed. In order to develop the microgripping system
using an SPVA-Py-Pt actuator, a multi-ﬁnger based micro-
gripping system is designed as shown in ﬁgure 16. In the
multi-ﬁnger based microgripping system, the ﬁngers are
constructed using an SPVA-Py-Pt actuator. This actuator is
developed using the electroless plating method where sulfo-
nated poly (vinyl alcohol)/polpyrrole is the base material. A
coating of Pt is provided over the sulfonated poly (vinyl
alcohol)/polpyrrole. For development of the SPVA-Py-Pt
actuator, the fabrication technique is discussed in section 3.
All three SPVA-Py-Pt actuator based ﬁngers are integrated in
a wrist. This wrist is clamped with a holder. For activating the
SPVA-Py-Pt actuator based ﬁngers, a voltage (0−5.25 VDC)
is provided through a proportional-derivative (PD) controller.
When the voltage is supplied through the controller, all ﬁn-
gers bend simultaneously and grip the object. Afterward,
11
Smart Mater. Struct. 24 (2015) 095003 Inamuddin et al
when voltage is released the ﬁngers move in a reverse manner
and drop the object.
According to literature [14−17], the length of IPMC used
is approximately 10−40 mm in the development of a micro-
gripper for handling of miniature parts. They can handle
objects of weights around 50−100 mg. These microgrippers
show the potential of the large displacement with ﬂexible
behavior and small force generation capability during
manipulation of light weight objects. For attempting handling
capability by this IPMC microgripper, an IPMC of similar
size is used. The maximum bending displacement of an IPMC
strip is 18.5 mm and its load carrying capability is 1.9 mN.
The large displacement with ﬂexible behavior and small force
generation capabilities are suitable for handling miniature
parts. Therefore, this gripper is called a microgripper. The
detail design of gripper is shown in ﬁgure 17. Three IPMCs
are integrated with a circular aluminium base. These IPMCs
are connected though a copper (Cu) tape and wires for the
gripping operation. For demonstration purpose, this gripper is
integrated with the stand in order to handle the object. This
gripper can handle a circular light weight object like ther-
mocal, spongy poly plastic material, etc. The details about the
size of each IPMC and handling of the object are given in
table 6.
After that, the mimicking of ﬁngers is done through
electrical actuation instead of a conventional motor. Each
ﬁnger can be actuated individually for dexterous handling
which allows precise end-effector positioning. To achieve the
precise positioning during handling of the object, the dis-
placement sensors are also placed in front of SPVA-Py-Pt
based IPMC ﬁngers so that the light weight object can be
gripped properly. By developing this multi microgripping
system, the handling capability using SPVA-Py-Pt based
ionic actuators is demonstrated as shown in ﬁgure 18 which
shows the SPVA-Py-Pt material has potential for developing
the IPMC actuator. Based on the performance analysis of the
IPMC based microgripper, this kind of actuator seems to be
extremely useful for handling light weight objects. This kind
of actuator can also be used in robotics, like peg-in-hole
assembly. For comparison purpose, a Naﬁon IPMC based
microgripper is also developed. The SPVA-Py-Pt based
microgripper shows better performance during handling of
the circular light weight object.
5. Conclusion
In this paper, a novel SPVA-Py-Pt based IPMC actuator is
developed by the electro-less plating method. The proposed
IPMC actuator possess a high water holding capacity under
applied voltage and it is found that the water loss is 31% at
5 V for a maximum time of 16 min. The performance of the
proposed IPMC is better because the water loss is less as
compared to a Kraton based IPMC actuator [33]. This SPVA-
Py-Pt based IPMC actuator gives good repeated character-
istics under long-term excitation due to the presence of the
durable polypyrrole coating which prevents the leakage of
water molecules through cracks as compared to other methods
[33]. Further, an electro-mechanical characteristic is also
carried out where the characteristic between deﬂection and
voltage shows the linear behaviour up to 2 V and further it
shows the non-linear behaviour. This voltage is controlled
through a PD controller and this actuator also shows a 1.9 mN
load carrying capacity. Using the SPVA-Py-Pt based
IPMC actuator, a compliant multi microgripping is devel-
oped. By developing this gripping system, the SPVA-Py-Pt
based IPMC actuator shows the potential of robotic
applications.
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Study and preparation of highly water-
stable polyacrylonitrile–kraton–
graphene composite membrane for
bending actuator toward robotic
application
Inamuddin1, Ajahar Khan1, Ravi K Jain2 and Mu Naushad3
Abstract
In this article, polyacrylonitrile–kraton–graphene (PAN-KR-GR) ionomeric polymer membrane sandwiched between Pt
electrode-based ionic polymer–metal composite (IPMC) actuator is developed. The aim of this study is to design and
prepare multifunctional ionic polymer–metal composite membrane for robotic application. The water uptake capacity
and ion exchange capacity of polyacrylonitrile–kraton–graphene ionomeric membrane is 133.33% at 45 C for 8 h of
immersion and 1.4meq g21 of dry membrane, respectively. Proton conductivity and maximum water loss of ionic
polymer–metal composite membrane is 5.26mS cm21 and 38% after applying 7 V for 12 min, respectively. Scanning elec-
tron micrographs shows the smooth and uniform coating of platinum (Pt). Cyclic voltammetry, linear sweep voltamme-
try, Fourier transform infrared spectroscopy, thermogravimetric analysis, X-ray diffraction, and tip displacement of PAN-
KR-GR-Pt IPMC membrane are also examined. A multifinger-based gripping system for dexterous handling is developed
for robotic application.
Keywords
PAN-KR-GR-Pt polymer membrane based IPMC actuator, ion exchange capacity, Fourier transform infrared spectro-
scopy, thermogravimetric analysis, bending behavior, manipulation
Introduction
In the last decade, various types of electroactive poly-
mers (EAPs) that exhibit substantial deformation in
response to electrical input voltage have been emerged.
Ionic polymer–metal composite (IPMC) is a new class
of EAPs (Kim and Shahinpoor, 2003; Shahinpoor and
Kim, 2001), which converts electrical energy into
mechanical energy. IPMCs are characterized with sev-
eral advantages such as flexibility, fast actuation capa-
bility, and large bending displacement at low voltage
(Cohen, 2001; Shahinpoor, 2003). IPMCs have poten-
tial for several applications such as micro manipulation
(Jain et al., 2011, 2013a), artificial muscle actuators
(Jain et al., 2013a), and biomimetic robots (Jain et al.,
2014; Yeom and Oh, 2009). IPMCs are generally devel-
oped by electroless or chemical plating of precious
metal (e.g. Pt or Au) on both of the surfaces of iono-
meric or ion exchange membranes. In an ionic polymer
composite membrane, the movement of cations, that is,
protons in their hydrated state, is responsible for the
actuation mechanism under applied electrical potential
(Jung et al., 2003). The IPMC membrane usually
performs better in highly hydrated state. It has been
firmly believed that the bending of IPMC membrane is
due to the shift of mobile hydrated ions inside the
IPMC under applied voltage (Nasser, 2002; Nasser and
Wu, 2003). Generally, Nafion, a perfluorinated iono-
meric polymer-based IPMC membrane, is considered
very useful for the development of actuators and
dynamic sensors because of its certain advantageous
characteristics such as high proton conductivity;
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chemical, thermal, and mechanical stabilities; large
bending deformation; and low power consumption
(Akle et al., 2005; Kim et al., 2011; Nguyen and Yoo,
2007; Panwar et al., 2012a, 2012b; Phillips and
Moore, 2005). However, they have certain drawbacks
such as expensive, short actuation, hazardous, little
blocking force, loss of proton conductivity, and ion
exchange capacity (IEC) at elevated temperature
higher than 80 C and at low humidity (Dimitrova et
al., 2002). Therefore, significant contributions have
been made to extend the work in the area of IPMCs
which are capable to replace perfluorinated polymer-
based IPMCs. Various types of nonperfluorinated
ionomeric materials such as kraton (KR; Inamuddin
et al., 2014), sulfonated polysulfone (Tang et al.,
2014), sulfonated polystyrene (Luqman et al., 2011),
sulfonated poly(arylene ether sulfone) (Wiles et al.,
2007), sulfonated polyetherimides (Rajagopalan et
al., 2010; Rajagopalan and Oh, 2011), and sulfonated
polyimides (Song et al., 2011) have been used to
develop IPMC actuators. However, various critical
issues are still unresolved. It is the belief in the engi-
neering community that despite high promise, the
main reason for the vulnerable deployment of IPMC
is mainly due to the incomplete understanding of the
actuation mechanism of IPMC membrane. Similarly,
the electrochemical behavior of IPMCs has been stud-
ied less, or even overlooked, although the basic prin-
ciple for the actuation is based on electrochemical
reactions.
In this article, polyacrylonitrile–kraton–graphene
(PAN-KR-GR)-based ionomeric polymer membrane is
proposed for the development of IPMC actuator.
Graphene is added in the polymer membrane because
of its high surface area-to-volume ratio (Geim and
Novoselov, 2007; Novoselov et al., 2004); excellent
electrical, thermal, mechanical properties; and high
electron mobility like other carbon-based nanomater-
ials; hence, based on these advantages, one can obtain
the enhanced performance of IPMC membrane
(Stankovich et al., 2006). Hydrophobic nature of polya-
crylonitrile (PAN) increases the stability of IPMC
membrane in water, mechanical strength, and thermal
stability of ionomeric membrane at temperature more
than 80 C. Therefore, PAN-KR-GR-Pt-based IPMC
actuator can provide an easy and reliable solution for
realization of novel actuator which can show good
potential in robotic applications. The major contribu-
tions in this article are as follows:
1. Design and development of PAN-KR-GR iono-
meric membrane which is coated using Pt metal
by electroless plating method to obtain PAN-
KR-GR-Pt-based IPMC membrane;
2. Characterization of PAN-KR-GR-Pt-based
IPMC actuator and development of IPMC-
based gripping system.
These contributions show the potential toward the
easy operability of PAN-KR-GR-Pt-based IPMC
actuator with large deflection capability. This can be
operated through low voltage (0–7V) for developing
the robotic system. In the proposed IPMC, PAN
increases the stability of IPMC membrane in water and
provides high bending rate as well as large flexible
behavior in comparison to other smart materials such
as piezoelectric, EAPs, and shape memory alloys
(SMAs). The major benefits of this IPMC actuator are
lightweight which can be used in different sizes and
shapes and does not need the complicated controller
while developing the robotic system.
Development of PAN-KR-GR-Pt-based
IPMC actuator
Materials
A nonperfluorinated polymer KR (pentablock copoly-
mer poly((t-butyl-styrene)-b-(ethylene-r-propylene)-b-
(styrene-r-styrene sulfonate)-b-(ethylene-r-propylene)-
b-(t-butyl-styrene) (tBS-EP-SS-EP-tBS)); MD9200;
Nexar Polymer, USA), PAN (Sigma–Aldrich, USA),
sodium borohydride and hydrochloric acid (35%;
Thomas Baker Pvt. Ltd, India), tetraammineplatinum(II)
chloride monohydrate (Pt(NH3)4Cl2H2O (crystalline);
Alfa Aesar, USA), ammonium hydroxide (25%; Merk
Specialties Pvt. Ltd, India), tetrahydrofuran (THF),
and N,N dimethylformamide (DMF; Thermo Fisher
Scientific Pvt. Ltd, India) are used.
Preparation of the reagent solutions
A homogeneous, transparent 5wt% kraton (KR) poly-
mer solution is prepared in THF. The solution is kept
for 10 h at room temperature for complete dissolution.
Graphene dispersion is prepared by mixing 2mg of gra-
phene in 10mL of THF which is stirred up to 6 h at
room temperature (25 C 6 3 C). Aqueous solutions
of tetraammineplatinum(II) chloride monohydrate
(0.04M), NH4OH (5.0%), and NaBH4 (5.0%) are pre-
pared in demineralized water (DMW).
Fabrication of membrane
The membrane preparation is carried out by dissolving
1 g of PAN in 20mL DMF at 50 C with constant stir-
ring up to 6 h. After complete dissolution, the prepared
solutions of PAN and KR polymers are mixed in 1:1
ratio followed by adding 2mL graphene suspension
with constant stirring for 2 h at 60 C. The obtained
solution is cast in a Petri dish (50 3 17mm). The Petri
dish is covered with Whatman filter paper (no. 1) and
kept in a thermostated oven at 45 C for the evapora-
tion of the solvent. After complete evaporation of the
solvent, the membrane is taken out from the Petri dish
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using forceps and spatula. Now, the fabricated mem-
brane is ready for characterization.
Water uptake
The water holding capacity of PAN-KR-GR mem-
branes is determined by immersing the preweighed
membranes into the distilled water at room tempera-
ture (25 C 6 3 C) and 45 C for varying time intervals
(2, 4, 6, 8, 10, and 20h). After that, the membranes are
taken out from the distilled water, wiped with a filter
paper to remove surface water, and weighed immedi-
ately. The water holding capacity of the membrane (W)
is calculated by the following formula
W =
WWet Wdry
 
Wdry
3 100 ð1Þ
where Wdry is the weight of dry membrane and Wwet is
the weight of water-absorbed membrane.
Ion exchange capacity (IEC)
To determine IEC, the preweighed PAN-KR-GR poly-
mer membrane is immersed in 1M HNO3 for 24 h to
convert into H+ ion form. After washing with distilled
water till neutralization, the membrane is dried at 45 C.
The dried membrane is cut into small parts and packed
into a glass column. Now, 1M NaNO3 solution is passed
through the column with a very slow flow rate (0.5mL
min21) to elute out all the replaceable H+ ions existing on
ionomeric membrane. The H+ ions eluted out are then
titrated with 0.1M NaOH solution using phenolphthalein
as indicator. The IEC value of membrane (meq g21 of dry
membrane) is calculated using formula (2)
Ion exchange capacity=
Volume of NaOH consumed3Normality of NaOH
Weight of the drymembrane
ð2Þ
Electroless plating
The principle of electroless plating is to metalize the
surface of PAN-KR-GR ionomeric membrane by
reducing the Pt metal ions into Pt metal nanoparticles by
means of chemical reduction using a reducing agent such
as NaBH4 (Nguyen et al., 2007; Panwar et al., 2011). The
membrane is first roughened by mild sand paper fol-
lowed by ultrasonication for 20 min. The membrane is
immersed in 2M HCl solution for 6h and washed with
DMW till neutralization. The membrane is soaked in
4.5mL salt solution of tetraammineplatinum(II) chloride
monohydrate followed by adding 1mL aqueous solution
of NH4OH to neutralize the solution. The soaked mem-
brane is left in solution for 6h at room temperature
(25 C6 3 C). After the absorption of Pt ions, the PAN-
KR-GR-Pt membrane is rinsed with DMW. Later, to
platinize the membrane, 1mL of aqueous NaBH4 solu-
tion is added for 5–6 times at a regular interval of 30
min. Furthermore, 5mL of NaBH4 solution is added fol-
lowed by stirring up to 1.5h. After complete reduction of
Pt ions into Pt metal, the membrane is rinsed with DMW
and placed in 0.1M HCl solution for 1h at room tem-
perature (25 C6 3 C).
Proton conductivity
An impedance analyzer (FRA32M.X), connected with
Autolab 302N modular potentiostate/galvanostate is
used over a frequency of 100kHz to determine the pro-
ton conductivity of prepared IPMC membrane. The
PAN-KR-GR-Pt-based IPMC membrane of cross-
sectional area 1 3 3 cm2 is sandwiched between two
stainless steel electrodes, and an AC perturbation of
10mV is applied to the cell. An Ag/AgCl reference elec-
trode and a platinum wire counter electrode are used
for all electrochemical measurements. Membrane is
immersed in DMW for 10h before performing the
experiment, and 1M NaNO3 solution is used as an
electrolyte. The proton conductivity (s) is calculated
using formula (3)
s=
L
R3A
ð3Þ
where s is proton conductivity (S cm21), L is the thick-
ness of membrane (cm), A is the cross-sectional area of
membrane cm2, and R is the resistance (ohm).
Characterization
A scanning electron microscope (SEM; JSM-6380;
JEOL Ltd., Japan) is used to observe the surface mor-
phology of PAN-KR-GR-Pt-based IPMC membrane.
X-ray diffraction (XRD) analysis is used to determine
the structure of membrane. Fourier transform infrared
spectroscopy (FTIR) spectrum of PAN-KR-GR mem-
brane is recorded between 500 and 4000 cm21 using spec-
trometer (PerkinElmer Spectrometer, USA). Thermal
stability of PAN-KR-GR-Pt-based IPMC membrane is
determined by thermogravimetric analysis (TGA) with
instrumental TGA pyres 1-HT (PerkinElmer) at a heat-
ing rate of 10 C min21 in N2 atmosphere. The water loss
of PAN-KR-GR-Pt-based IPMC membrane is deter-
mined after soaking the membrane in DMW for 2h at
45 C before performing the experiment. Water loss is
calculated for different durations (3, 6, 9, and 12 min).
To determine the electrical property of membrane, cyclic
voltammetry (CV) and linear sweep voltammetry (LSV)
experiments are carried out with the help of Autolab
302N modular potentiostate/galvanostate in 1M NaNO3
solution at triangle voltage input of 3V with a step of
100mV s21.
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Design of PAN-KR-GR-Pt-based IPMC actuator-based
dexterous handling system
In order to develop the PAN-KR-GR-Pt actuator-
based gripping system, a computer-aided design (CAD)
model of multifinger-based gripping system is designed
as shown in Figure 1. For developing the actual fingers
of gripping system, the electroless plating method is
used. The coating of Pt is placed over the PAN-KR-
GR polymer membrane. All three PAN-KR-GR-Pt
actuator-based fingers are integrated in a wrist. This
aluminum-based wrist is fastened with a holder. In
order to activate the PAN-KR-GR-Pt actuator-based
gripper, the voltage (0–7V DC) to each IPMC finger is
supplied using a proportional–derivative (PD) control-
ler. By supplying the voltage, all fingers bend simulta-
neously and grip the object.
Results and discussion
Chemical properties
Water uptake capacity. The fundamental factors which
affect the performance of IPMC actuator are types of
ionomer, counter ion, fixed ionic groups, and water
holding capacity. The deformation of IPMC membrane
(a)
(b)
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Figure 1. Schematic diagram for PAN-KR-GR-Pt IPMC based dexterous handling system (a) and PAN-KR-GR-Pt based micro
gripper (b).
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under an applied electric potential is due to the move-
ment of solvated cations along with the water mole-
cules toward the cathode. It is observed from Figure 2
that the water holding capacity of PAN-KR-GR mem-
brane at room temperature (25 C 6 3 C) is found to
be maximum 78.94% at 8 h. After that, saturation is
found predominant up to 133.33% at 45 C for 8 h of
immersion time. The results showed that the PAN-KR-
GR membrane possessed higher water holding capacity
due to the presence of more active thermally enlarged
2SO3H sites.
The high water holding capacity of PAN-KR-GR
membrane even at increasing temperature may enable
the movement of more hydrated cations leading to the
considerable bending actuation in the membrane
(Panwar et al., 2012a).
IEC and proton conductivity
IEC of ionomer strongly influences the proton transfer
through ionomer membrane and determines the per-
formance of actuator. The IEC of PAN-KR-GR
membrane is found to be 1.4meq g21 of dry mem-
brane as shown in Table 1. The high IEC of the mem-
brane increases the water uptake and allows more Pt
particles to deeply imbed on both the surfaces of
PAN-KR-GR. The existence of more Pt particles and
uniform electroding on the surface will lower the
resistance of the membrane, hence fast and large
bending performance (Panwar et al., 2011, 2012a).
The proton conductivity of PAN-KR-GR-Pt-based
IPMC membrane is 5.26mS cm21. High proton con-
ductivity enables the movement of more H+ ions in
their hydrated state which results in large actuation.
The electronic conductivity of the membrane is
1.35mS cm–1.
SEM
The scanning electron micrographs of PAN-KR-GR-
Pt-based membrane at different magnifications are
recorded to show the surface morphology as shown in
Figure 3(a) to (d). The uniform coating of Pt electrode
with no surface crack is clearly seen in Figure 3(a) and
(c) before applying electrical potential. The surface of
the membrane after testing of actuation damaged to
some extent, resulting in few negligible rupture as
shown in Figure 3(b) and (d).
The surface morphology of PAN-KR-GR-Pt mem-
brane after applied electrical potential showed no sig-
nificant changes. Thus, the main cause of water loss
from the membrane was considered due to electrolysis
and natural evaporation. The cross-sectional scanning
electron micrograph is shown in Figure 3(e), which
clearly shows that the PAN-KR-GR composite poly-
mer membrane is sandwiched between Pt electrode
layers from both sides.
FTIR
The chemical structure of the fabricated PAN-KR-GR
polymer membrane is characterized by FTIR spectro-
scopy (spectrum is shown in Figure 4). A typical peak
appeared in the spectrum at 2242 cm21, which is due to
the presence of the stretching vibration of cyano groups
(–CN), in the PAN. The peaks at around 1085 and
1029 cm21 are ascribed due to the presence of S=O
stretching vibration, which confirm the existence of
block styrene sulfonate unit of KR polymer (Chu et al.,
2005). The graphene oxide characteristic bands are
present at 1726 cm21 (C=O stretching), 1623 cm21
(C=C stretching), 1226 cm21 (C–OH stretching), and
1059 cm21 (C–O of epoxy stretching; Pham et al.,
2011).
XRD and TGA
The XRD pattern of PAN-KR-GR composite polymer
membrane is shown in Figure 5. The XRD pattern of
ionomeric membrane is carried out to study the crystal
lattice structure where the small peaks of 2u indicate its
amorphous nature, that is, the molecules are randomly
distributed in the membrane. The TGA thermograms
of PAN-KR-GR polymer membrane and PAN-KR-
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Figure 2. % Water uptake of PAN-KR-GR-based membrane at
room temperature (25 C 6 3 C) and 45 C for different time
intervals.
Table 1. Ion exchange capacity and proton conductivity of
PAN-KR-GR-Pt-based membrane.
Material Ion exchange capacity
(meq g21 of dry
membrane)
Proton conductivity
(s) (mS cm21)
PAN-KR-GR 1.4 5.26
PAN-KR-GR: polyacrylonitrile–kraton–graphene.
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GR-Pt-based IPMC membrane are shown in Figure 6.
In both the membranes, about 21% weight loss up to
200 C–250 C is due to the removal of water molecules.
Furthermore, about 20% weight loss up to 450 C may
be due to the thermal annealing of the composite mate-
rials. A horizontal curve at 500 C onward represents
the complete oxide formation. Hence, TGA thermo-
grams of both PAN-KR-GR polymer membrane and
PAN-KR-GR-Pt-based IPMC membrane show that
there is no significant change in the thermal stability of
PAN-KR-GR membrane before and after plating of Pt
electrode layer.
Water loss
The mechanism of water loss is responsible for short
lifetime of IPMC membrane which includes natural
evaporation, leakage from ruptured electrode surface,
and electrolysis (Lee et al., 2010). To determine the
water loss, the membrane is weighed after applying an
Figure 3. Scanning electron microscopic images of PAN-KR-GR-Pt-based IPMC membrane at different magnifications showing
surface morphology (a and c) before actuation, (b and d) after actuation, and (e) cross-sectional image.
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electric potential of 7V at different time intervals (3, 6,
9, and 12 min). Figure 7 shows that the maximum
water loss is 38% after applying electric potential of
7V for 12 min. The slow water loss of PAN-KR-GR-
Pt-based IPMC membrane may increase the perfor-
mance in terms of bending deformation for longer time
and repeatability.
Electrical properties
For a better performance of an IPMC actuator, one
needs to check the electrical properties of the deposited
electrode layers necessary for bending behavior. The
electrical behavior of PAN-KR-GR-Pt-based IPMC
membrane is investigated by Autolab 302N modular
potentiostate/galvanostate. A current voltage hysteresis
curve (I-V) is recorded under 3V with a scan rate of
100mV s21 as shown in Figure 8. The shape of I-V
curve generally reflects the movement of hydrated ions
due to applied voltage resulting from electrolysis. It is
observed from Figure 9 that the current density of
IPMC membrane increases significantly with the
applied voltage. The higher current density of PAN-
KR-GR-Pt-based IPMC membrane than several
reported IPMC membrane (Inamuddin et al., 2014;
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Luqman et al., 2011) is due to high IEC, uniform elec-
troding, smoothness of the electrode surface, and high
proton conductivity. Higher the current density, higher
the performance of IPMC, by a larger deformation
under an applied electric potential.
Electromechanical properties
In order to characterize the highly water-stable PAN-
Kr-Gr-Pt-based membrane, the graphical representa-
tion of an experimental test setup is shown in Figure 10.
After taking the PAN-Kr-Gr-Pt-based membrane from
water solution, it is fixed in a holder as a cantilever con-
figuration. For activating this membrane, the voltage
between 0 and 7V DC is applied to IPMC membrane
using computer controlled digital analog card (DAC)
and micro controller. A power supply is also developed
for giving the voltage of 9–12V DC to micro controller
where a custom amplifier circuit is also used for provid-
ing the current rating of 50–200mA to IPMC mem-
brane. Both surfaces of PAN-KR-GR-Pt-based strip
are connected to this custom amplifier circuit through
wires and copper tape for proper connectivity between
the conductive layers. A laser displacement sensor
(model: OADM 20S4460/S14F; Baumer Electronic,
Germany) is used to measure the tip displacement of
the IPMC actuator with respect to the applied voltage.
This is also used as a displacement feedback for mea-
suring and controlling the tip displacement where data
conversion can take place by converting the data from
RS-485 to RS-232 communication protocol in order to
attain the proper communication between sensor and
input command from computer. Docklight V1.8 soft-
ware is used to attain this. The actual experimental
setup is shown in Figure 11. A computer code is written
in C programming language where the sampling rate
(20 samples per second) is set for observing the bending
of the IPMC. After applying the voltage, IPMC mem-
brane bends and provides the dexterous behavior for
manipulation.
By providing the voltage (0–7V DC) to PAN-KR-
GR-Pt-based membrane, the successive steps of deflec-
tion are observed as given in Figure 12. The experimental
data are collected at varying voltages for five times such
as deflections 1, 2, 3, 4, and 5 as shown in Table 2. The
size of membrane used is 30mm length 3 10mm width
3 0.11mm thickness. For tracing the bending behavior,
a graph paper is placed behind the actuator.
The deflection with voltage is determined by taking
the average of five values of repeated experiments at
same voltage, and data are plotted in Figure 13. The
increase in the voltage attempts the linear bending
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Figure 9. Linear sweep voltammetry curve of PAN-KR-GR-Pt-
based IPMC membrane at 3 V.
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Figure 10. Schematic diagram for bending behavior of PAN-KR-GR-Pt-based ionic actuator.
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behavior of IPMC, while the reduction in the voltage
from high to low; IPMC does not follow the same path
to return to its original position (Figure 13). The PAN-
KR-GR-Pt-based IPMC membrane showed a deflec-
tion error of 0.07mm. This can be minimized through
controlling the controller gains. After that, this ionic
actuator can be used for dexterous handling in
manipulation.
Mechanical property (force behavior analysis)
In order to analyze the force behavior of PAN-KR-
GR-Pt-based ionic actuator, the membrane is held in a
cantilever configuration with a holder. The schematic
diagram of testing setup is shown in Figure 14(a). A
load cell is placed at the tip position of IPMC for mea-
suring the tip load of IPMC. The low force measure-
ment load cell (model: Citizon CX-220; India) is used
to measure the load. This load cell can measure the
load ranging from 0.0001 to 220 g. After applying vol-
tage (0–7V) to IPMC, the tip of IPMC bends upward
and downward and depends upon polarity of voltage.
First, when the positive voltage is applied, the IPMC
moves downward. The different force values (F1, F2,
F3, F4, and F5) are noted through load cell at voltage.
The voltage is measured through multimeter corre-
sponding load values simultaneously while ionic strip is
in operation. The five different force values (F1, F2, F3,
F4, and F5) are collected at different voltage ranges (0–
7V) as given in Table 3. The actual test setup is shown
in Figure 14(b). The force mean value is calculated
from five different observations which are used to
determine the standard deviation (SD). The normal dis-
tribution function for PAN-Kr-Gr-Pt-based ionic
actuator is shown in Figure 15. It is found that the
repeatability of this ionic actuator is 96.31% for dexter-
ous handling.
Development of dexterous handling
device
After characterization of PAN-KR-GR-Pt-based ionic
actuator, a compliant multigripping system for dexter-
ous handling is developed. The three PAN-KR-GR-Pt-
based IPMC actuator fingers are integrated in a wrist
for holding the object. The mimicking of fingers is car-
ried out using electrical actuation instead of conven-
tional motor. It is also possible to actuate each finger
individually for dexterous handling. By developing this
multigripping system, the handling capability using
PAN-KR-GR-Pt-based ionic actuator is demonstrated
which shows that the PAN-KR-GR-Pt-based material
has potential for developing the industrial dexterous
Figure 11. Actual test setup for bending behavior of PAN-KR-GR-Pt-based ionic actuator.
Table 2. Experimental data of IPMC deflection with applied voltages.
Voltage Deflection reading (mm) Average value of deflection (mm)
Deflection 1 Deflection 2 Deflection 3 Deflection 4 Deflection 5
0 0 0 0 0 0 0
1.0 3.1 2.9 3.2 2.8 3.0 3.0
2.0 6.2 6.0 5.8 5.9 6.1 6.0
3.0 7.4 7.6 7.6 7.4 7.5 7.5
4.0 9.2 8.8 8.9 9.1 9.0 9.0
5.0 12.1 11.9 12.2 12.0 11.8 12.0
6.0 14.5 14.4 14.6 14.7 14.3 14.5
7.0 18.0 18.1 17.9 18.2 17.8 18.0
IPMC: ionic polymer–metal composite.
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handling device. Therefore, this kind of actuator can be
applied for the handling of various micro- and
millimeter-scale components used in complex fabrica-
tion and robotics assembly.
Conclusion
The IPMC membrane based on PAN-KR-GR-Pt is
fabricated by chemical plating method. By characteriz-
ing this actuator, it is found that it has higher water
uptake, proton conductivity, uniform Pt coating on
both the surface of membrane, low water loss after
applying the electric potential which provides the better
performance, and repeatability of PAN-KR-GR-Pt-
based IPMC membrane as compared to other kind of
coated IPMCs. The electrical property is also carried
out using CV in order to achieve the better actuation
performance of PAN-KR-GR-Pt-based membrane. By
Figure 12. Bending behavior of PAN-KR-GR-Pt-based ionic actuator: (a) 0, (b) 1.0, (c) 2.0, (d) 3.0, (e) 4.0, (f) 5.0, (g) 6.0, and (h)
7.0 V.
Figure 13. Forward and reverse bending behaviors of PAN-
KR-GR-Pt-based ionic actuator.
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developing a multigripping system, this actuator shows
that this can be used in dexterous handling devices in
robotic manipulation.
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Table 3. Experimental force data of PAN-KR-GR-Pt-based ionic actuator.
S. no. Voltage (V) Force value (F1) Force value (F2) Force value (F3) Force value (F4) Force value (F5) Average
force value (F)
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Fabrication of a silver nano powder embedded
kraton polymer actuator and its characterization†
Ajahar Khan,a Inamuddin,*a R. K. Jainb and Mu. Naushadc
A novel silver nano powder (Ag Pw) embedded kraton (KR) ionic polymer actuator was fabricated. The
KR–Ag-Pw ionic polymer metal composite (IPMC) membrane was prepared by a solution casting
method. The IPMC membrane shows good electro-mechanical, ion exchange, water retention (WR) and
proton conductivity (PC) properties which are responsible for the high performance of the ionic polymer
actuator. The physicochemical properties of the KR–Ag-Pw ionic polymer actuator were determined
using X-ray diﬀraction, Fourier transform infra-red spectroscopy (FTIR), scanning electron microscopy
(SEM) and thermogravimetric analysis (TGA) studies. After applying a voltage (0–3.5 V DC), the maximum
bending behaviour is achieved up to 17 mm. By constructing a multi KR–Ag-Pw IPMC ﬁnger based
gripper, it is proved that this kind of actuator has potential in robotic applications.
1. Introduction
Polymeric actuators produce mechanical responses by various
external stimuli.1–3 Principally, actuators are able to transduce
input electrical energy to output mechanical energy.4–7 This
property can be very well utilized to develop articial muscles,8,9
active catheters10,11 and biomimetic robots.12–15 A variety of
electrical energy responsive polymers such as ionic polymer
metal composites (IPMCs),16,17 ionic polymer gels,18 conductive
polymers19,20 piezoelectric polymers and dielectric elasto-
mers21,22 have been widely used in making articial muscles and
microrobots. Among the diﬀerent types of polymeric actuators,
IPMC actuators consisting of an ionic polymer material sand-
wiched between two platinum electrode layers have been widely
used for the fabrication of applied actuators.23 The IPMC actu-
ators have several outstanding properties including light
weight, low applied voltage, good bending actuation, exibility,
easy molding into diﬀerent shapes and so on.24–27 However,
a time-consuming electroless plating process for deposition of
Pt or Au electrode layers on both side of polymer membrane is
usually necessary in the fabrication of IPMCs membrane actu-
ator. Since an external electrical potential is required to induce
the actuator motion. Therefore, metal electroplating24 or
combination of electroless and electroplating techniques28
requiring a relatively long processing time for the fabrication of
Pt or Au electrode layers on the surfaces of the ionic polymer
composite membrane. To alternate this time consuming and
expensive method for the preparation of IPMCs membrane,
a simpler and more cost eﬀective fabrication technique is
developed. In this method kraton, a sulphonated polymer and
silver nano powder were mixed together and used to fabricate
the ionic polymer actuator by solution casting method.
Sulfonated polymers are generally used as ionic polymer metal
composite actuator29–33 due to their good electromechanical and
chemical properties, water uptake and high proton conduc-
tivity. Kraton is a sulfonated ionomeric polymer that posses
outstanding electromechanical thermal and chemical stabili-
ties and good lm-forming capability.34 The silver nanoparticles
show excellent electrical, thermal, and mechanical properties
like other Pt or Au metal electrodes. The KR–Ag-Pw IPMC
provides an easy and reliable realization of versatile novel ionic
polymer actuators as well as possibility of industrial
applications.
2. Experimental
2.1. Materials
A non-peruorinated kraton [pentablock copolymer poly((t-
butyl-styrene)-b-(ethylene-r-propylene)-b-(styrene-r-styrene sulfo-
nate)-b-(ethylene-r-propylene)-b-(t-butyl-styrene) (tBS-EP-SS-EP-
tBS))](Nexar MD9200) (Nexar Polymer, USA), silver nano
powder with a particle size range of 20–40 nm (Alfa Aesar, India)
and tetrahydrofuran (THF) (Thermo Fisher Scientic Pvt. Ltd.,
India), were used as received. Characteristic properties of Kraton
MD9200 polymer based on Kraton Polymers Group of Compa-
nies data document catalogue number K00491 dated October
2008 is given in ESI Table S1.†
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2.2. Fabrication of membrane
The fabrication of membrane was started by dissolving 3 g of
kraton (KR) polymer in 20 ml THF at room temperature (25 
3 C) with constant stirring upto 8 h. Aer complete dissolution
0.3 g silver nano powder (Ag-Pw) was added with constant stirring
for 4 h at room temperature (25 3 C). The obtained solutionwas
cast in a petri dish (50 17mm) and covered withWhatman lter
paper (no. 1) for slow evaporation of the THF at room temperature
(25  3 C). Aer complete evaporation of THF the KR–Ag-Pw
composite polymer membrane was taken out from petri dish.
Now, the fabricated membrane was ready for further studies.
2.3. Water retention capacity
The water retention capability of KR–Ag-Pw IPMC membrane
was determined by a water retention (WR) experiments as re-
ported elsewhere.34 The water retention of the KR–Ag-PW
membranes were calculated by immersing the preweighed
membranes into the distilled water at room temperature (25 C
 3), 45 C and 65 C for diﬀerent times 2–24 h. The WR
capacity was calculated by applying the following equation:
% Water retention ¼ Wwet Wdry
Wdry
100 (1)
where Wwet and Wdry are the weights of the wet and the dried
membranes, respectively.
2.4. Ion exchange capacity (IEC)
The IEC of the membrane was calculated using a conventional
titration method. First, the KR–Ag-Pw ionic polymer membrane
was immersed in 1 M HNO3 for 24 h to convert into H
+ form.
The ionic polymer membrane was washed with distilled water
till neutral and dried. The dried membrane was cut into small
pieces and packed into glass column. Now, 1 M NaNO3 was
passed through the column with a very slow ow rate
(0.5 ml minute1) to convert the membrane into Na+ form. The
dissociated H+ ions were then titrated with 0.1 M NaOH solu-
tion using phenolphthalein as indicator. The IEC value of IPMC
membrane was calculated by using eqn (2).
Ion exchange capacity ¼
volume of NaOH consumed  normality of NaOH
weight of the dry membrane
meq g1 of membrane (2)
2.5. Water loss
To determine the water loss KR–Ag-Pw ionic polymer membrane
was rst immersed in DMW for 12 h at 45 C and weighed, the
water loss of the ionic polymer membrane was calculated by
weighing the KR–Ag-Pw membrane aer applying an electric
potential of 3–6 V for diﬀerent interval of time 3–9 min. The water
loss of themembrane actuator was calculated by following eqn (3).
% Water loss ¼ W1 W2
W1
100 (3)
where, W1 and W2 are the weight of wet membrane and weight
of membrane aer applied electric potential, respectively.
2.6. Proton conductivity (PC)
PC (s) of the fully hydrated ionic polymer membrane (1 
3 cm2) was determined at room temperature by an impedance
analyzer (FRA32M.X), connected with Autolab 302N modular
potentiostat/galvanostat; over a frequency of 100 kHz and an AC
perturbation of 10 mV s1. The PC of membrane was calculated
by the following eqn (4):
s ¼ L
R A (4)
where s is proton conductivity in (S cm1), L is the thickness of
membrane in (cm), A is cross-sectional area of membrane (cm2)
and R is the resistance (ohm).
2.7. Characterization of KR–Ag-Pw membrane actuator
Structural features of KR–Ag-Pw polymer membranes were
characterized by Fourier transform infrared spectroscopy (FTIR)
(Perkin Elmer Spectrometer, USA) and X-ray diﬀraction (XRD)
(Rigaku, miniex-II, Japan) with Cu Ka. Scanning electron
microscopic images were captured to observe the surface
morphology and cross-sectional view of KR–Ag-Pw ionomeric
polymer membrane with the help of scanning electron micro-
scope (SEM Jeol, JSM-6510LV, Japan). Thermal stability of
KR–Ag-Pw composite polymer membrane was determined by
thermal gravimetric analysis (TGA) TGA analyser (TGA pyres
1-HT, Perkin Elmer, USA) at a heating rate of 10 C min1 in N2
atmosphere. The cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) (Autolab 302N modular potentiostat/
galvanostat) were carried out in DMW at triangle voltage input
of 3.5 V with a step potential of 50 mV s1.
2.8. Electromechanical characterization
In order to obtain the bending behavior of KR–Ag-Pw based
IPMC membrane actuator, an electromechanical characteriza-
tion is required. For analyzing this bending behavior with
voltage, the schematic diagram of experimental setup is shown
in Fig. 1 where the nano silver powder embedded ionic polymer
membrane IPMC is used during the experiments. The IPMC is
integrated in vertical cantilever conguration on the mounting
bench. A voltage (0–3.5 V DC) is sent to ionic polymer
membrane with the facility of a computer interface control
system which consists of computer, digital to analog card (DAC)
and micro controller. An amplier circuit is developed for
Fig. 1 Schematic diagram for analyzing the bending behaviour of KR–
Ag-Pw IPMC actuator.
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providing the current rating of 50–200 mA to KR–Ag-Pw
membrane so that membrane actuator can attain the
maximum bending. For providing the electrical signal, both
surfaces of KR–Ag-Pw strip are connected to voltage supply
which is controlled by micro controller. An input command is
sent to membrane actuator through a micro controller. An
optical/laser displacement sensor is mounted in front of the
KR–Ag-Pw based membrane actuator for nding the displace-
ment behavior. A converter is also integrated with this sensor
for switching the data transmission protocol (RS-485 to RS-232
standard). This sensor is used as feedback device while sending
the pulses to it. An appropriate program is developed to inter-
pret data which is recorded by Docklight soware and provides
the exact bending behavior of IPMC according to the applied
potential. The bending behavior of KR–Ag-Pw based membrane
actuator is shown in Fig. 2 and the opposite behavior can also
be achieved by changing the voltage polarity.
3. Results and discussion
To investigate the performance of the fabricated KR–Ag-Pw
membrane actuator employing the Ag nano-powder elec-
trodes, fundamental properties such as WR, IEC and PC were
determined. The bending behaviour of IPMCsmembrane under
an applied electric potential is based on migration of cations
along with water molecules towards cathode. The higher water
retention capacity of IPMC membrane will produce better
performance of IPMC actuator.35 Fig. 3 showed that the water
retention capacity of KR–Ag-Pw membrane increases with the
increase in temperature from room temperature (25  3 C) to
65 C upto 12 h of immersion then aer slightly decreases. The
maximum water retention capacity of KR–Ag-Pwmembrane was
found to be 192.3% at room temperature (25  3 C), 222.2% at
45 C and 233.6% at 65 C for 12 h of immersion time. High
water retention capacity is assigned due to presence of –SO3
groups in KR–Ag-Pw membrane which is considered valuable
for better performance in terms of bending actuation. The IEC
and PC of KR–Ag-Pw ionic polymer membrane was found to be
2 meq g1 and 1.87  103 S cm1, respectively. The high PC of
KR–Ag-Pw ionic polymer membrane will enable the better
performance due to the transfer of more protons through the
membrane. The high ion exchange capacity of KR–Ag-Pw ionic
polymer membrane allows higher level of water retention and
also permits that more Ag particles deeply imbed in the ionic
polymer membrane. Higher the Ag metal particles in the
membrane actuator lower will be the resistance, hence enables
the fast and large bending performance.35,36 The high PC of
Fig. 2 Actual test setup for bending behaviour of KR–Ag-Pw IPMC actuator.
Fig. 3 Water uptake of KR–Ag-Pw ionic polymer actuator membrane
at room temperature (25  3 C), 45 C and 65 C for diﬀerent interval
of time.
Fig. 4 Water loss of KR–Ag-Pw ionic polymermembrane at 3, 4, 5 and
6 V for 3, 6 and 9 min of time interval.
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Fig. 5 Scanning electron microscopic images of kraton membrane (a) KR–Ag-Pw ionic polymer membrane (b and d) before and (c and e) after
applied electric potential and (f and g) showing silver nanoparticles on the surface of membrane actuator.
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KR–Ag-Pw membrane actuator shows that more hydrated
cations can move quickly toward the cathode side with a large
and fast actuation.36 One of the fundamental factors for the
short life time and lower repeated response of ionic polymer
actuators is the water loss from the membrane actuator. Aer
applying electric potential water loss start from the KR–Ag-Pw
ionic polymer membrane due to electrolysis, from the cracks
on the surface of membrane and due to natural evaporation. It
is clear from the Fig. 4 that water loss from the KR–Ag-Pw IPMC
membrane actuator increases with the increase in applied
voltage from 3–6 V for the same period of time. Fig. 4 shows the
maximum water loss of 40% at 6 V for 9 min. Hence, this low
water loss indicates the better performance of KR–Ag-Pw ionic
polymer membrane actuator.37
To conrm the cause of failure, the scanning electron
microscopic micrographs before and aer actuation experiment
were observed to evaluate the changes in the surfacemorphology.
The smooth surface of kraton ionic polymer membrane without
adding silver metal particles are clearly shown in the Fig. 5(a).
The surfacemorphology of kraton ionic polymer with silver metal
particles (KR–Ag-Pw) before and aer actuation is shown in
Fig. 5(b, d and c, e), respectively. SEM micrographs (Fig. 5(f) and
(g)) at higher magnication clearly show the deposition of silver
metal particles on the surface of membrane actuator. As clearly
shown in the Fig. 5(c and e) no surface crack and cavity was
observed aer applying electrical potential. Hence, due to no
signicant change in the surface morphology of KR–Ag-Pw ionic
polymer actuator membrane aer applied electrical potential
main cause of water loss from the membrane is considered due
to electrolysis and natural evaporation.
The FTIR spectra of the KR and KR–Ag-Pw ionic polymer
membrane are shown in Fig. 6. The bands at 3600 cm1 are
assigned to sulfonic acid groups O–H vibration, other bands at
around 1080 and 1036 cm1 are due to presence of S]O
stretching vibration which are conrming the existence of block
styrene sulfonate unit of kraton polymer.38 The sharp bands
around 1600 and 1450 cm1 can be ascribed due to the C]C
stretching vibration of kraton pentablock copolymer. The
spectrum shows strong absorbance peaks around 2980 to 2860
and 920 cm1 which may be ascribed due to the C–H asym-
metric stretching of the polymer component.39 From the FTIR
Fig. 6 FTIR spectra of KR and KR–Ag-Pw polymer membranes.
Fig. 7 TGA curves of KR and KR–Ag-Pw polymer membranes.
Fig. 8 X-ray diﬀraction pattern of KR and KR–Ag-Pw polymer
membrane.
Fig. 9 Cyclic voltammetric curve of KR–Ag-Pw ionic polymer
membrane actuator at triangle voltage input of 3.5 V with a step of
50 mV s1.
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analysis it is observed that aer adding silver nano powder into
the KR polymer the intensity of the peaks reduces.
The TGA curve of the ionic membrane actuator is shown in
Fig. 7. The thermal decomposition pattern of actuator
membrane shows thermal stability hence function of ionic
polymer actuator. The KR and KR–Ag-Pw membrane actuators
display thermal stability up to 350 C. The TGA curve (Fig. 7) of
the membrane actuators showed weight loss of mass (about
14 and 22%) upto 200 C, which is attributed to the presence of
moisture. The transition (60 and 34% weight loss) around
400 C may be due to the thermal degradation of sulphonic
acid groups. At 400 C onwards, a smooth horizontal section
which represents the complete formation of the oxide form of
the membranes. It is clear from the TGA analysis that aer
adding silver nano powder into the KR polymer thermal
stability of KR–Ag-Pw polymer membrane actuator is
increased.
Fig. 8 clearly showed the XRD spectra of KR polymer
membrane and KR–Ag-Pw polymer membrane actuator. The
X-ray diﬀraction pattern of KR polymer membrane having very
small peaks of 2q values (Fig. 8), which indicates an amorphous
nature of KR polymer membrane. X-ray diﬀraction pattern of
this KR–Ag-Pw ionomeric polymer membrane shows sharp
peaks of 2q values. The analysis of these signal peaks supports
towards its crystalline nature (Fig. 6). The XRD analysis reveals
that KR polymer is amorphous in nature and aer addition of
silver nano powder it is crystalline in nature.
The electrochemical performance of the KR–Ag-Pw ionic
polymer actuator was analyzed using cyclic voltammetry (CV)
Fig. 10 Linear sweep voltammetric curve of KR–Ag-Pw ionic polymer
actuator membrane at 3.5 V with a step of 50 mV s1.
Fig. 11 Bending behaviour of KR–Ag-Pw IPMC actuator.
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for this a current–voltage (I–V) hysteresis curve was recorded
under 3.5 V triangle voltage input with a scan rate of 50 mV s1.
Under harmonic excitation, the area under graph as shown in
Fig. 9 corresponds to the dissipated electrical energy of the
actuator. It is clear from the Fig. 10 that as the applied electric
potential increases from 1 to 3.5 V while current density of
KR–Ag-Pw membrane is also constantly increases. It means that
the tip displacements of the KR–Ag-Pw have a proportional
relationship with the dissipated power according to the increase
of the driving voltages.
Aer applying a voltage (0–3.5 V DC), the gures of the
bending characteristic of KR–Ag-Pw based membrane actuator
is shown in Fig. 11. The experimental data of deection are
taken as given in Table 1. During experiments, the small size of
KR–Ag-Pw membrane actuator like 30 mm length, 10 mm
width, 0.08 mm thickness is taken which is cut from large
fabricated sheet.
Aer acquiring the data, the bending characteristic with
voltage is plotted as shown in Fig. 12. From this gure it is
Table 1 Deﬂection data of KR–Ag-Pw IPMC actuator with voltages
Voltage
(V)
Deection data (mm)
Average value of
deection D (mm)
Deection
(D1)
Deection
(D2)
Deection
(D3)
Deection
(D4)
Deection
(D5)
0 0 0 0 0 0 0
0.5 2.1 1.8 1.9 2.2 2.0 2.0
1.0 4.2 4.0 3.9 3.8 4.1 4.0
1.5 5.5 5.6 5.3 5.5 5.6 5.5
2.0 11.1 11.2 10.9 11.0 10.8 11.0
2.5 12.4 12.5 12.2 12.6 12.8 12.5
3.0 14.1 13.9 14.2 13.8 14.0 14.0
3.5 17.0 16.8 16.9 17.1 17.2 17.0
Fig. 12 Bending behavior of KR–Ag-Pw based ionic actuator.
Table 2 Force data of KR–Ag-Pw based ionic actuator
S. No.
Voltage
(V)
Force value
(F1) in mN
Force value
(F2) in mN
Force value
(F3) in mN
Force value
(F4) in mN
Force value
(F5) in mN
Average force
value (F) in mN
1 0.5 0 0 0 0 0 0
2 1.0 0.088 0.117 0.107 0.078 0.098 0.098
3 1.5 0.166 0.156 0.156 0.137 0.117 0.147
4 2.0 0.186 0.215 0.176 0.166 0.235 0.196
5 2.5 0.294 0.313 0.333 0.304 0.323 0.313
6 3.0 0.431 0.411 0.392 0.421 0.402 0.411
7 3.5 0.441 0.460 0.421 0.431 0.451 0.441
Mean 0.2620
Standard deviation (SD) 0.1781
Normal deviation (ND) 0.7590
Repeatability 99.2410
Fig. 13 Mean force value of KR–Ag-Pw based ionic polymer.
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envisaged that when voltage is reduced, the ionic polymer
membrane deection does not reach at the same value. The
deection error is found to be 1.5 mm. This is controlled
through PD controller where we can adjust the frequency for
minimizing this and achieve the similar path at desired voltage.
When we are applying the voltage to actuator, the actuation
speed varies linearly and provides the steady state behaviour.
In order to measure the force characteristic of KR–Ag-Pw
based ionic actuator membrane actuator is clamped in
a cantilever conguration a xture. The outline of testing setup
is shown in ESI Fig. S1(a).† The tip of membrane actuator
touches with pan of load cell when we are applying the voltage
to membrane actuator as shown in ESI Fig. S1(b).† The low
force measurement load cell/weighing scale is used to nd the
load. The Model of Citizen (Model no. CX-220, Make: India) is
used which can compute the load ranging from 0.0001–220 g.
The tip of membrane actuator bends upward and downward
while actuator is in operation. The movement of membrane
actuator depends upon polarity of voltage. Initially, membrane
Fig. 14 Normal distribution function for KR–Ag-Pw based ionic
actuator.
Fig. 15 Strain behavior of KR–Ag-Pw ionic polymer.
Table 3 Comparison of KR–Ag-Pw based IPMC with other IPMC actuators
Properties
KR–Ag-Pw
based IPMC
Naon
based IPMC40
Kraton based
IPMC actuator34
Sulfonated
polyetherimide33
Carbon nano
tube actuator41
Water uptake 233.6% 16.70% 309.69% 26.4% 25.1%
Tip displacement 17.0 mm 12 mm 40 mm 2.7 mm 20 mm
Ion-exchange capacity 2 meq g1 0.98 meq g1 1.9 meq g1 0.553 meq g1 0.71 meq g1
Proton conductivity 1.87  103 S cm1 9.0  103 S cm1 17.15 S cm1 1.4  103 S cm1 5.7  103 S cm1
Current density 2.5 mA cm2 0.03 mA cm2 0.05 mA cm2 5  104 mA cm2 —
Fig. 16 Multi ﬁngers based micro gripping system using KR–Ag-Pw
based ionic actuator.
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actuator is kept in a horizontal cantilever conguration at
certain distance because during operation the tip of
membrane actuator will be touched the pan of load cell
properly. The diﬀerent load values are taken through load cell
at voltage by conducting experiments. These force values are
denoted as F1, F2, F3, F4 and F5 respectively as given in Table 2.
The mean force value of KR–Ag-Pw actuator at diﬀerent volt-
ages is plotted as shown in Fig. 13 which shows the maximum
force value at 3.5 V is 4.60 mN.
Aer collecting the data of diﬀerent force values with voltage
range (0–3.5 V), the standard deviation (SD) is calculated.
Subsequently, the mean value of force is calculated by taking
the average of force as given in Table 2. At this mean force value,
the standard deviation (SD) is found and the normal/bell
distribution function for KR–Ag-Pw actuator is plotted as
Fig. 14. The actuation strain percentage is also critical property
for evaluation of performance of the actuator. The strain with
time of this actuator is evaluated as shown in Fig. 15. The
maximum strain of this actuator shows the state behavior with
9326 micro strain. The comparison of this actuator (KR–Ag-Pw
IPMC) and other IPMC actuators is given in Table 3.
In order to prove the application of this actuator, novel
KR–Ag-Pw ionic actuators based compliant multi gripping
system is fabricated as shown in Fig. 16 where the four KR–Ag-
Pw ionic actuator based ngers are attached with a circular
base. The actuation of the ngers is given through controlled
voltage rather than using the conventional motor. By actuating
these ngers, the gripping system shows the handling capa-
bility for light weight object and each nger adjusts the
alignment during dexterous handling. This handling capability
using KR–Ag-Pw based ionic actuator demonstrates the
potential of robotic application for light weight object in
industry.
4. Conclusion
In this paper, a novel kraton ionic polymer actuator with
silver nano powder electrodes is fabricated by using simple
solution casting methods. It is found that the fabricated ionic
polymer actuator has higher water uptake, proton conduc-
tivity, and low water loss aer applying the electric potential
which provides the better performance as compared to kra-
ton ionic polymer actuator. By conducting the experiments
on the electrical property, the KR–Ag-Pw ionic polymer
actuator membrane was found to have enough electrical
conductivity for the bending application. By performing
electromechanical characterization, it is found that KR–Ag-
Pw ionic polymer actuator membrane shows the maximum
bending response upto 17 mm which is quite reasonable
deection for handling the object. By developing a micro
gripping system, it is proved that KR–Ag-Pw actuator has the
future in robotic applications.
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SUMMARY 
Ionic polymer metal composites (IPMCs) form an important category of 
electroactive polymers (EAPs) that is receiving great attention due to their advantages 
of large bending deflection, low power consumption and have many potential 
applications in robotics, biomedical devices, and micro/nano manipulation systems. It 
has been actively investigated by researchers for the past decade. IPMCs are an 
exciting new class of smart materials (EAPs) that can serve a dual purpose in 
engineering or biomedical applications as sensors or actuators. Most commonly they 
are used for mechanical actuation, as they have the ability to generate large bending 
strains and moderate stress under low applied voltages. The specific applications of 
IPMCs as sensor and/or actuator, such as microgripper and micropump have been 
actively investigated by researchers for the past decade. This research deals to 
alternate the perfluorinated polymer used for the fabrication of IPMCs with non-
perfluorinated polymer or composite based IPMC actuator and their characterization 
with ultimate objective to develop a simple microgripper to demonstrate the ability of 
the IPMC to grasp a micro object. New algorithms of edge detection and displacement 
measurement have been introduced to characterise the IPMC membranes. Bending 
behaviour of IPMCs membrane has been carried out by laser sensor measurements 
and simply by vision systems. Characterisation and performance of non-
perfluorinated polymer based IPMCs are carried out to prove the claim that 
miniaturization of IPMC is possible without degrading its performance. The 
characterisation of the IPMC actuator is divided into three major works – the 
chemical and electromechanical properties and displacement measurements. 
Typically, IPMC consists of a semipermeable ion-exchange base polymer membrane 
coated with novel metal electrodes made up of highly conducting pure metals such as 
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Pt, Au etc. The actuation behaviour of IPMC can be attributed to the bending of an 
IPMC membrane upon application of electric potential. The main reasons for the 
bending are ion migration on the application of applied potential and swelling and 
contraction caused by movement of cations along with water molecules. The 
application of IPMC is not promising in dehydrated state as the actuator need to be 
hydrated in order to work better. The ion exchange capacity, proton conductivity and 
water uptake capacity have been determined to support the better performance of non-
perfluorinated polymer based IPMC membranes. Lower water loss upon the 
application of different electrical potentials for different intervals of time shows the 
better performance of IPMC membranes. Scanning electron micrographs show the 
smooth and uniform coating of Pt electrode on the surface of IPMC membranes. 
Studies using cyclic voltammetry, linear sweep voltammetry, FTIR, TGA, X-ray 
diffraction and tip displacement IPMC membranes were also performed. Two, three 
and four finger based gripping systems for dexterous handling are developed for 
robotic application. Extensive references are provided for more in depth explanation. 
 
Chapter 1 
It deals with the basic information regarding to the materials and their types 
used for manufacturing IPMCs actuators using various fabrication processes under 
optimum experimental parameters and possible applications. Among the variety of 
EAPs, recently developed IPMCs are good candidates for use in bio-related, robotics 
and aerospace applications because of their biocompatibility. Several fabrication 
processes, their performance and mechanical characteristics, a number of recent 
applications of IPMCs have been reported in this chapter. The control and various 
factors affecting performance of IPMC also have been reported. 
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Chapter 2 
In this chapter, the tip displacement, proton conductivity, current density, 
water uptake and ion-exchange capacity of kraton non-perfluorinated IPMCs were 
examined and the results were compared with commercially obtained perfluorinated 
polymer nafion based IPMCs membranes actuator. The water holding capacity of 
kraton and nafion membranes were found to be 308.69 and 16.20% at 65 and 45 ºC 
within 10 h of immersion time respectively. The kraton and nafion membranes have 
the ion exchange capacity of 1.9 and 0.75 meq g−1of dry membrane, respectively. 
SEM studies revealed that the morphology of nafion membrane was negligibly 
affected after performing the action experiment while in kraton membrane ruptures 
and notable spaces at joint were observed. The electrical properties revealed better 
actuation performance of kraton membrane. The tip displacement for nafion and 
kraton membranes was also carried out at 3 V dc electrical voltages. Kraton based 
IPMC membrane showed larger displacement and therefore actuation as compared to 
that of nafion based IPMC membrane. 
 
Chapter 3 
In this chapter, a novel sulfonated poly(vinyl alcohol)/polypyrrole polymer 
membrane sandwiched between platinum (SPVA-Py-Pt) was fabricated for a bending 
actuator which can be used in microrobotic applications. To examine the suitability of 
SPVA-Py-Pt based IPMC for microrobotic applications, ion exchange capacity (IEC), 
water uptake, proton conductivity, water loss, cyclic voltammetry (CV), linear sweep 
voltammetry (LSV), Fourier transform infrared spectroscopy (FTIR), thermal stability 
and tip displacement studies were performed. The water holding capacity of the IPMC 
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membranes were found to be 82.23% at room temperature for 8 h of immersion time. 
The IEC and proton conductivity of the IPMC membrane is found to be 1.2 meq g−1 
and 1.6 × 10−3 S cm−1 respectively. Maximum water loss from IPMC was 31% at 5 V 
for a time period of 16 min. Based on electromechanical characterization, the 
maximum tip displacement of SPVA-Py-Pt IPMC (size 30 mm length, 10 mm width, 
0.08 mm thickness) was 18.5 mm at 5.25 V. The major advantages of this new type of 
IPMC are good film forming capability, short processing time, low cost of fabrication, 
good flexibility, high thermo-mechanical stabilities, good ion-exchange, water 
holding capacity and proton conductivity as compared to other types of IPMC 
actuators. The comparison with other type of IPMC actuators was also carried out. A 
multi SPVA-Py-Pt IPMC based micro-gripping system was developed that showed 
potential of microrobotic applications. 
 
Chapter 4 
In this chapter, polyacrylonitrile-kraton-graphene (PAN-KR-GR) ionomeric 
polymer membrane sandwiched between Pt electrode-based IPMC actuator is 
developed. The aim of this study was to design and prepare multifunctional IPMC 
membranes for robotic application. The water uptake capacity and ion-exchange 
capacity of polyacrylonitrile-kraton-graphene ionomeric membrane was 133.33% at 
45 ºC for 8h of immersion and 1.4 meq g-1 of dry membrane, respectively. Proton 
conductivity and maximum water loss of IPMC membrane were 5.26 mS cm-1 and 
38% after applying 7 V for 12 min, respectively. Scanning electron micrographs 
showed the smooth and uniform coating of platinum (Pt). Cyclic voltammetry, linear 
sweep voltammetry, Fourier transform infrared spectroscopy, thermogravimetric 
analysis, X-ray diffraction and tip displacement of PANKR-GR-Pt IPMC membrane 
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were also examined. A multifinger-based gripping system for dexterous handling was 
developed for robotic application. 
 
Chapter 5 
A novel silver nano powder (Ag-Pw) embedded kraton (KR) ionic polymer 
actuator was fabricated. The KR-Ag-Pw IPMC membrane was prepared by a solution 
casting method. IPMC membrane showed good electro-mechanical, ion-exchange, 
water retention (WR) and proton conductivity (PC) properties which were responsible 
for the superior performance of ionic polymer actuator. The physicochemical 
properties of the KR-Ag-Pw ionic polymer actuator were determined using X-ray 
diffraction, Fourier transform infrared spectroscopy (FTIR), scanning electron 
microscopy (SEM) and thermogravimetric analysis (TGA) studies. After applying a 
voltage (0-3.5 V DC), the maximum bending behaviour upto 17 mm of magnitude 
was achieved. By constructing a multi KR-Ag-Pw IPMC fingers based gripper, it was 
proved that this kind of actuator has potential in robotic application. 
 
Chapter 6 
In this featured chapter, we fabricate a kraton (KR)/graphene (GR) composite 
polymer based IPMC membrane actuator with Pt metal as electrodes for micro 
robotics application and compared the results with commercially obtained  sulfonated  
poly(ether ether ketone) (SPEEK) polymer membrane coated with Pt electrodes. To 
examine the suitability of fabricated IPMC ion-exchange capacity (IEC), water 
uptake, proton conductivity, water loss, cyclic voltammetry (CV), linear sweep 
voltammetry (LSV), Fourier transform infrared spectroscopy (FTIR), thermal stability 
and tip displacement studies were performed. The water holding capacities of kraton-
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graphene (KR-GR) and SPEEK membrane were found to be 153 and 73%, at 45 ºC 
within 10 h of immersion time, respectively. The kraton-graphene (KR-GR) and 
SPEEK membrane have the ion-exchange capacity as 2.2 and 1.3 meq g−1of dry 
membranes respectively whereas the proton conductivity were 1.9×10-2 and 5.5×10-3 
S cm−1 respectively. Maximum water loss from IPMC was achieved as 44 and 32% at 
5 V for a time period of 16 min. Experimentally, it was found that the KR-GR-Pt 
ionic actuator has the maximum bending deflection upto 22.0 mm at applying  voltage 
of 0-3.5 V dc. By developing a multi KR-GR-Pt ionic fingers based gripper, it has 
been demonstrated that this actuator has potential in industrial applications. 
